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ABSTRACT

In house research and development at Goddard Space TFlight Center lo pro-
vide advanced frequency and time standards for the most demanding applica-
tions is concentrated primarily in field operable atomic hydrogen masers.
Past work resulted in four prototype maser standards which have been
opcrational since carly 1969, and have provided network expcrimenters with
frequency source stability at the highest levels. More recently, research
with basic hydrogen maser systems has resulted in further significant im-
provements and two new experimental hydrogen maser standards have been
constructed to operationally test and evaluate the new systems,

Some of the most important goals for the new muaser designs have been
improved long and short term stability, elimination of the nced for auto
tuning, increascd maser oscillation level, improved hydrogen economy, in-
crcased operational life, minimization of operator control or monitoring,
improvement in magnetic isolation or sensitivity, and rcduction in size and
weight.

New design concepts which have been incorporated in thesc masers to
achieve these goals will be described in this paper. The basic maser
assemblies and control systems have recently becen completed; the masers
arc oscillating; and operational lesting has begun. Data illustrating the
improvements in mascr performance is now available and will be prescnted.

INTRODUCTION

Amongst the growing family of frequency standard devices based upon the atomic
hydrogen hyperfine transition, the ficld operational hydrogen maser is the most
stable as well as the most fundamental device presently used for time and
frequency control for gencral applications. (Other atomic hydrogen devices:
hydrogen beam, ®'? passive "Big Box'" maser,” variable volume maser2%,) In
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conjunction with the other laboratory atomic standard devices, the hydrogen
masger is also an exceptionally precise and versatile tool for laboratories re-
sponsgible for maintenance of basic standards or for their utilization.!3 11

There are seven continuously operating Goddard Space Flight Center (GSFC)
hydrogen masers at present, and six of these are being used at GSFC at this

time. Four of the seven masers are 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
extensively since then in a variety of applications, 31! 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.!® Of the other three masers at Goddard, one is an older ex-
perimental maser, NX-1, which first oscillated in 1967, and the other two masers
are two new experimental units, NX-2 and NX-3. The two new masers have been
oscillating for about two months, and while some of the external electronics have
yet to be completed, there is presently available operational data which illustrates
several significant improvements which have been made in the new degign. New
measurements have also been in progress for several months with the NP masers,
and thus we 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. '>? 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 RF discharge. Neutral atoms of hydrogen
emerge from this source in a beam which then passes through a magnetic state
gelecfor. In the state selector, undesired lower energy state atoms are de-
focussed — they are 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.'°® To complete an actual hydrogen maser frequency
standard, there are also, of course, a vacuum enclosure, magnetic and thermal

" shields, magnetic field coils, a thermal control system, amplifiers, synthesizers,
and so forth,
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TFigure 1. Atomic Hydrogen Mascr Schematic

But not to neglect a small, though very important detail, it must also be men-
tioncd that the wall, that is, the inside surface of the quartz storage bulb, is
coated with TEP teflon; this teflon is carefully sintered to the inside surface of
the bulb at high temperature and under high vacuum. The hydrogen atoms bounce
off the teflon wall with very little exchange of cnergy, and as we shall see later,
there is thercfore very little change in the output frequency due to the

wall 1415.16.17.20 g rtunately hydrogen atoms do not attack, or chemically react,
with teflon. Teflon is extremely unreactive and non-sticky for most all common
chemicals, sothat under the high vacuum conditions of operating hydrogen maser
frequency standards, the inhcrent physical properties of the wall surface are
prescrved rather indcfinitely.

As you examinc the things that happen to an atom as it passes into the maser
storage bulb, and finally, after a second or so re-emerges and is pumped away,
a good picture of the fundamental forces that disturb (or perturb, as we say) the
oscillation frequency is casily visualized. Figurc 2 shows the most significant
perturbations.

The atom hag a velocity, so therc ig a Doppler shift, It is, however, only the
speeial relativity time dilation cffeet. The atomic clock of the traveling hydrogen
atom runs slower than such a clock would if stationary in our observers labora-
tory. There is nofirstorder Doppler shiftinhydrogen masers, since the average




f=f taf, *Afle TG AL

finE Maser Oscillation Frequency — f35 Upperturbed Transitwon Frequency

PERTURBATIONS EQUATION QPERATING OFFSET ERROR
Sy
[ Relatrirt _ ~ £ < /0
Y A o 3 4510
.../4
Cavity & Spir =k af — o, Nt/ O €< /0
Exchange z////ny ATLC"” é(‘ ﬁ) J) “%
2 —/2 — /4
Magnetic Field __é#_#: K,H /X /0 €< /0

Wall Reflect/onr = C A fiowaT) DX/ a5 )z
Phase Shift 'é@ % // ) ?<€<2></0

Figurc 2, Most Significant Correction Factors
to the Hydrogen Mascer Freguency

velocity of the atom js very effectively zero with respect to any running
waves in the maser cavity. The Doppler correction is given by Af (the
first equation in Figure 2}, This correction is by far the largest correction to

the hydrogen maser frequency. It is actually 4.5 x 10717, But, it is also the
easiest perturbation to correct for, since the velocity depends preeisely on the
temperature, and a mecasurcment accurate to only .07°C is adequate to bring the
Doppler error below one part in 1014, In typical hydrogen masers, we are dealing
with temperaturce stabilitics measured in microdegrees per day, so the Doppler
cffcet has no cffect on stability, or reproducibility either, and will not be dis-
cusscd further in this paper.

The sccond perturbation, AT . ., is the result of both cavity pulling and spin-
exchange pulling.?' Both cavity pulling and spin-exchange are proportional to
the atomic line width. This is given by 4y in the sccond cquation. The line
width can be changed very quickly and cagily in hydrogen mascrs by changing
the dengity of atoms in the storage bulb, Many publications describe automatic
(as well as munual) systems for correcting for cavity and spin-cxchange
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pulling.?223243  Tater, somc data will be presented showing the effect of one
such ""Auto Tuncr' on maser stability.

The actual operating olfset due to cavity and spin cxchange pulling is zero when
tuned, and the absolute crror is lesg than one part in 10'%, However, in certain
operational situations there can be small uncorrected random variations in cavity
frequency which effect maser stability, as shall be scen later,

The third perturbing factor shown in Figure 2 is 2, — this is the variation of
maser [requency with applied internal magnetic field. LI ig a guadratic eflcet,
50 magnetic instabilities become very small as the field is reduced towards zero.
{See Appendix I, for more details on field inaccuracy cffects.) Hydrogen mascrs
operate at extremely small values of magnetic ficld. The two new experimental
masers oscillate well at fields below 10 microgauss, and the older NP units can
go lower than 30 microgauss. At typical operating fields of 700 microgauss, the
cntire magnetic correction is only 1 x 104, and the field can be measurcd or
set with extremely great accuracy by using Zeeman {reguency measurements. 2045
One part in 10 is simple to do. Later, some curves are given which illustrate
the precision of the magnetic correction, as well as the siability of the [ield over
long periods of time. One of the most important points for users of hydrogen
magers is that these field measuremenis can be madce simply and quickly without
disturbing the output phase or [requency significantly.

The last lactor shown is the wall shift, given by 21, The wall shiftl varies pre-
ciscly with the surface to volume ratio {A/V) of the storage bulb {sce Appendix I},
1t also varies slightly with temperature — this is given by ».. T but the tem-
perature factor is less than 17, of the lotal, and creates no problem, so only the
surface to volume factor nced be discussed., The total wall shiff is typically

2 parts in 107" in oscillating hydrogen mascrs ' (NASA NX and NP masers).
However, one special design "Big Box" experimental mascr device, which was

conceived by scientists at Harvard University, ™" has a wall shift a factor of

i smaller, approximately 2 parts in 1672, Tt is very lortunate that the wall ghift
is not a large effect, gince then i1 does not really take 2 very precise experiment
to determine the oifset accurately, In the past, ihe main methoa of defermination

hag been to operate the mascr with bulbz of different volumes, and by doing thiz
415 16,1720 1

many research laboratories 37415 “Yhave published accuracics of belter

than 2 parts in 1017,




HOW FREELE IS THE HYDROGEN ATOM?

Since the wall shift is so important for metrology, as well ag for understanding
the methods for making good hydrogen maser time and frequency standards with
long term stability and uniformity, it is important to examine in more detail the
conditions under which an atom exists within the maser storage bulb. An impor-
tant question, it is clear, is "how FREE is the atom?'" And also, how scientifically
understandable are the methods for determining wall shifts? That is the theme of
Figure 3. Here we have a 5.5 liter bulb. The atom enters the bulb with a velocity
of 2.6 kilometers per second, bounces around approximately 20,000 times, and
after a second or so departs. 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 frequency,?® and about 4 times with other
hydrogen atoms. The latter results in the spin-exchange correction, with a very
small frequency shift effect which is accurately corrected foor by auto-tuning, as
discussed previously. Only when the atom ig within about 1 A (10-% cm) of the
wall is there any appreciable energy exchange or perturbation, so the total dis-
turbed path length is 2 A per collision. The ratio of perturbed path length to free
flight path length is therefore one part in 10°,

Consider the diagram in the center of IFigure 3. The total free path distance, in

free fall, within an ultrahigh vacuum environment, is 2 kilometers; that is over .
one mile, while the total disturbed path distance is 2 X 10-% cm. So one of the

most appropriate visualizations of the hydrogen maser, is that it is equivalent to

a free atom beam tube over a mile long between disturbing interactions with the

ficlds at the ends. You can, if you will, compare the end fields (the walls, that

ig) to the RF fields, the phasc shifts, and other mode fields or misalignment

problems, etc., encountered in some atomic beam resonance standards, where

the disturbed path length is the half wavelength of a 10 GHz transition,13.6.7

1.5 cm, compared to 2 x 10~* ¢m for hydrogen.

That is really a very good analogy — and this picture also illustrates why the
other perturbations, magnetic fields, temperaturce, cte., are so small with hy-
drogen masers; this one mile hydrogen beam tube is folded over and entircly
contained within the volume of a gingle mode cavity, so that the magnetic and RF
ficlds are effectively identical over the entire one mile distance. A single mag-
netic field measurement on a maser establishes the field value over the entire
path. People working with cesium beam basic standards, where many Zeeman
coils are often placed at several intervals along the beam to measure the field,
and the cesium atom only has one shot through the field, so to speak, may par-
ticularly appreciate thig analogy.
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Note that the phase shift per wall bounce is only 2 seconds of arc! And this is
at the frequency of the 21 ¢m line of hydrogen — 1420 MHz., Tt takes an atom

46 microseconds on the average, to go the 12 ¢m from wall to wall, and this cor-
responds to 65,000 cycles of the oscillation, in unperturbed space, while one
cycle is perturbed to the extent of 1.5 seconds of arc (approximately 1.2 x 10°
cycle). That is what accounts for the 2 parts in 101! offset in maser frequency,
due to the wall.

VARIABLE VOLUME MASER

But why can we predict inaccuracy effccts no larger than 1 x 10-1% for this tre-
mendous, elongated, beam device? The main reason is that we can change the
path length, the cffcctive distance between wall interaction regions, without
changing the wall area, or its basic properties. Thus we can change thc humber
of wall bounces per second, without changing the wall, That is the idea of the
lexible bulb maser,*?7

Irigure 4 shows one new and attractive embodiment of the idea. This is a "Vari-
able Volume" mascr. The storage bulb is of teflon sheet, which is formed into a
convoluted, flexible, bellows. The volume is changed merely by compressing or .
cxtending the bellows, The frequency shift is approximately 3 parts in 10'' when
extended, and twice that amount when compressed to half volume. The curve at
the lower right illustrates the case and accuracy with which onc can extrapolate
to infinite bulb volume. Thesc flexible bulb mascrs completely overcome thé
problem of "understanding' the details of the interaction of the atom with the
wall. Just by changing the number of wall encounters per unit path length, the
problem is reduccd to precise geometry, We do not have to solve the wall inter-
action, it is circumvented, in a clear cut, scientifically valid manner, AppendixI
gives a more detailed discussion of potential error sources with a variable vol-
ume hydrogen mascr which is presently being developed at GSTC.

MAGNETIC TIETLD AND CAVITY TUNING

Leaving the wall ghilt for the present, some data on the other perturbations will

now be presented. Tigure b shows the variation of the frequency of the NP-1

hydrogen mascr as the internal magnetic ficld was changed. The frequency of

NP-1 was measured with respecet to NP-3. For the period of the measurements,

NP-3 was sufficiently stable to introduce negligible error as a referency stan-

dard. (See Section V1 on stability.) The magnctic field was measured by making

Zceman frequency measurements. The horizontal axis gives the Zceman fre-

quency; the fractional change in maser frequency is shown vertically in parts .
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Figure 4, Variable Storage Tulb Volumce Hyvdrogen Maser

in 1012, The solid linc in the top tigure is the theorctical curve, and the X's are
experimental points. Excopt at ficlds below 200 or 200 micerogauss, there is no
significant difference between data and theory, This can be scen better in the
bottom curve, which shows the difference between caleulated and meagured

points,

The departure from the calculated curve al very low felds hag very significant
meaning regarding field inhomogeneitics and departures from ideal tuning curves
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Figure 5. NP-1 Hydrogen Maser Magnetic Correction

which have been published in the literature, as discussed later. Figure 5 also
illustrates that in the usual operating range of the NP and NX hydrogen maser
frequency standards, between 500 microgauss and several milligauss, the mag-
netic correction procedure is fully valid.

Another very interesting experiment which was performed in conjunction with
the magnetic field experiment just discussed had to do with the accuracy of the
cavity tuning correction. Using the NP-1 and NP-3 masers, which have auto-
matic tuning systems?®, the corrected frequencies of the masers, as well as the
cavity tuning corrections, were observed while operating at ficlds from less
than 1 milligauss up to fields of 10 milligauss, There was no change in the tuned
cavity frequency as the field was changed from one value to another, nor were
therc any differences in the abgolute frequencies when proper correction was
made for the field. The precision of this experiment was three parts in 1014,
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This, as well as other data, shows there are no significant tuning anomalies with
the NP design of maser. Tuning discrepancies have been published for very
different designs of laboratory experimental masers when magnetic field inho-
mogeneities were known to be present,?>2% 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 ficlds may be, how stable is the field with
time? Figure 6 shows the magnetic field corrections which were measured on

one of the NP masers (NP-4) for long periods of time. The upper curve shows
eight months of operation, using a nominal field setting of 700 microgauss. The
field was checked at weekly intervals, and only if the error exceeded 10 microgauss
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Figure 6. Magnetic Field Correction Variation NP-4 Hydrogen Maser
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was it reset. Many of the resettings made were duc to known external causes,
such as necarby cquipment movement, or to experimental work going on ncarby.
The mager was not in an exceptionally isolated environment for either period
shown here,

On the average, the data shows that there will normally be no change in correc-
tion over one or two parts in 10'* from time to time, and it also shows that the
field does not drift badly over extended periods. In the lower curve, the field
setting was at 1.4 milligauss, twicc that in the upper curve., The field perturba-
tions arc expected to inereasc in proportion to the ficld value, sc the larger de-
viations shown in the lower curve are exactly what may be expected.

A most important point for keepers of standard frequency and time which is
demonstrated by these curves, is that one can measurc the magnetic correction
in the hydrogen mascr precisely and repeatedly without interruption of the mascr
output signal, with usually negligible cffcet on the phase, and with no remnant
effect on the freguency of the maser.

These curves show only the long term cffects — the shorter term variations of

ficid arc usually quite small;y in a typical laboratory the minute to minute and

day lo day variations have been obscrved, and these are usually less than a fow
microgauss, So magnetic varialions typically have small etfects on maser sta-

bility, although as we arc now pushing stabilities into the 10- 7% or 10-1¢ range, .
ficld variations or corrections may bccome much more important in the future,

STADILITY DATA

Tigurc 7 gives three freguency comparisons hetween hydrogen masers under
differcnt operating conditions. Iirst consider the bottom plot., This shows the
fractional frequency variation between the NP-3 maser and onc of the new mascrs,
NX-2, The 1,000 second to 10,000 second stability is between 3 to & parts in 10'F
(Allan variance?®). There is no significant drift. Notc that these masers were
not being tuned — it is the free running stability in the lower curve. The average
untuned linear drift rate, duc to cavity drift, among the NASA prototype (NP)
mascrs is 5 X 10717 per day. Thus when using these masers in field applications
for periods of a few weeks or legs, one would not ugually want to usc auto tuning
except, perhaps, in the initial sctup.

If you have a second hydrogen mascr, and usc it for a tuning relerence, you can
tune to and maintain less than one part in 10'* tuning correction on a daily basis.
In the center plot in Figure 7, the frequency of NP-3 ig compared with NP-1, and
both mascr cavitics arc being independently tuned with respect to a third maser
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(NX-2). The fractional frequency deviation (Allan variance) is 9 X 1071° 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 105 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 NP type hydrogen maser is available,
and an absolute frequency referency is still desired, the maser may use a good
crystal osgcillator 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 as a tuning reference. 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 error tends towards zero as 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 10'® per day. But much more time will be required .
to measure this effect on the new masers precisely.

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.>°

If you are looking at VLBI fringes you are 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 are 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 are 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 the three plots, but near the bottom the chart speed is 1 inch per hour, .
in the center it is 15 inches per hour, and at the top 1 inch per minute,

Tor thoge who may be familiar with 1 microsecond phase plots taken between
two 1 MHz signals, TFigurc 8 is similar, except there is 10,000 times greater
resolution. Onc cycle corresponds to 109 picosceonds (1.09 X 10710 sec) accumu-
lation of time between signals. The average frequency difference is 2.6 cycles
per hour, which corresgponds lo a fixed frequency offset between signals of

8 parts in 10’* (8 nanoscconds por day). A change of 1 cycle per hour in beat
frequency is cquivalent to a change of 3 x 10-'* in signal frequency. As seen
from the one day's data at the bottom, where the number of cycles per hour is
shown, typical changes arc of the order of 0.1 cycle per hour, or 3 parts in 1015,
A statistical analysis {Allan variance) gives 2.6 x 10~'° fractional stability for

1 hour measuring intervals, and 4 x 10~ ' for 10,0600 seconds (which is about

3 hours). At the bottom of Figurc 8 the hourly frequency variation is plotted,
with a scale of 2 x 10-'*, The peak to peak excursion in this 28 hour period was
3 parts in 10%%,

Analysis shows that in a VLDBI application, if using these two masers, it would be
feasible to integrate for at least 1 hour at X-Band (for 1 radian crror) and for
over 4 hours at S-Band (2 GIz).

NEW MASER CIIARACTERISTICS

Only a bricf description of the improved design characteristics of the NX-2 and
NX-3 hydrogen masers will be given at this time, since the final receiver and
auto tuner systems are just now being completed, The stability data is thus
presently limited by the noise level of the breadboard receiver system used.
Also, considerable time will be required, of course, fo fully evaluate long term
performance,

The new magers osciliate with ton times morce power than the older NP mascrs,
5 x 10712 watis of beam power versus 5 X 10~13 watts. The theoretical stability
for one second measuring intcrvals is 2 parts in 10" with a 10 Hz bandwidth.3?
Present measurements give 2.5 X 10-'3 for one second averaging, and 2.5 X 10-1°
for 100 seconds averaging., For 1,000 scconds to 10,000 seconds the stability is
3+ 2x 1071% The long term drift of the new masers, without cavity tuning, has
not been precigely determined, but preliminary measurements of a fow weeks
duration indicate it is of the order of 2 x 107'% per day or less.

The new masers also operate with approximately half the hydrogen flow of the
older NP masgers. Thc NP units have pump element life expectancy, as determined




cxperimentally by acceleratod iifo tests, of 10 {0 15 years (see Appendix II).
They have been operating continuously now for botwoeen 4 to § years with no re-
placement required. Thus the new inasers should have on the order of 20 years
of pump element life expectancy due to hydrogen saturation., Howcever, the new
maser pumyp connoctions have high vacuum valves which geal off the maser
vacuum system from the pumps, so that a puinp may be guickly exchanged with-
out breaking maser vacuum., Thera arc Lwe ion pumoes on the new svyslom, one
of these evacuates the maser storage bulb and focussing magnet region, and
pumps sssentially only hydrogen: the other pump evacustes the outer vacuun:
gystem, and so removes any exrernal gas which dilfuses thru the main vicuum
seals. This differentisl two compartmaont sysiem asgures that background gas
pressure in the masor bullk, other than hydrogen, ig kept extremely iow, and th
mager [reguency will not be perturhed by relatively active molecules, such as
oxygen,

The increased officicncy of ihe giate selection and beaw oplics of the new masers

was achievod by using & new, more cfficient, design of guadrupole clectromag-
netically variable state zejector which hag a much greater acceptancce an

the scurec oxit collimarer than the fixed hexapoiary .'iﬂ.:z'ag;.m::: used previous
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proportionately less significant than the NP results previously described in
Section V.

The cavity frequency control system and the temperature controls on the new
masers are similar in principle to those on the NP units.? 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-
lized fused silica, CER-VIT,3? or 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 stability®, as 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 10!° for 1,000 seconds mea-
suring times means that the cavity is electrically, mechanically, and thermally
stable to 2.6 parts in 101°, (The cavity pulling is proportional to the ratio of the
cavity Q to the line Q, which is approximately 10-° in the present designs.)

Since the cavity diameter is 25 cm (10 inches), the above stability indicates that
the cavity diameter is stable to .6 A (1A = 10-% cm). This is less than one .
atomic hydrogen diameter! Needless to say, many 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,
ete., are indeed very important. Since aluminum has an expansion coefficient of
approximately 2.6 x 10> at operating temperatures of 40°C, the present maser
stability indicates the cavities are thermally stable to 10~3°C,

Long term temperature stability data has been accumulating for many years with
the NP 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 10-15
per day for the NP masers (NP-1: 1 x 1014, NP-2: 1 x 10-15, NP-3: 2 x 10-15,
NP-4: -7 x 10-15; per day) gives an average thermal drift of 30 microdegrees
Celcius per day. Experience with the NP's has shown that this drift is due as
much to the instabilities of the "fixed metal film resistors used in the thermal
sensing network as 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 are guaranteed stable to .1% 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

300




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

The new maser standards retain all of the desirable features of the NP masers.
They are self contained (on a single chassis), opcrate for up to 6 hours on stand-
by batteries, can be easily moved on their own dollies, and have several well
buffered standard frequency output signals. They also contain a very stablc
crystal oscillator (Oscilloquartz*® B 5400) as the cavity tuner reference, and
they are smaller than the NP units, being only 132 ¢m (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 have been to pro-
vide the most stable, reproducible, accurate, long lived, and reliable standard
for those ground based applications where these factors are most critical. Per-
haps the most critical of considerations, considering the long term cost of
present time and frequency standard systems, is the fact that the components
which are most likely to be unreliable in the hydrogen maser standard are ex-
ternal to the vacuyum system, and these factors, such as receivers, synthesizers,
power supplies, electronic components, etc., arc easily and inexpensively main-~
tained or repaired without changing any basic maser frequency determining ele-
ments, or the long term properties of the maser as a standard.

Experience has also shown that therc are no large variations in the stability
properties of one maser or another of the NP (or NX) type, so that selecction of
best units for time standard ensemble systems, as presently practiced, would
not he nearly so important as is the case with the other siandards in use today.
With the cxception of the very long term instabilities which may be related to
changes in the storage bulb surface, all the important fundamental corrections
to the maser oscillating frequency may be quickly evaluated on opcrational hy-
drogen masers. Thus a most important characteristic which separates opera-
tional hydrogen maser standards from other atomic standards, is that each unit
is, in itself, a standard which is most closely related to an invariant atomic
transition frequency, and so has "intrinsie" accuracy, rather than being neces-
sarily reclated through calibration procedures with particular instruments which
are evaluated for accuracy and maintained by specialists, usually in national
standards laboratories,
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APPENDIX

WALL SHIFT INACCURACY EFFECTS WITH VARIABLE
VOLUME HYDROGEN MASER

The particular design ol the variable volume maser illustrated in Figurc 4 has
several features which minimize potential error sources, A brief outline of
these errors and the techniques available for their determination will be given
here.®® A variable volume maser as illustrated is presently being developed at
GSFC, and a morc comprehensive presentation of this work is anticipated at a
later date.

a. Wall Shift Relationship

If v is the phasc shift per wall collision and ¢, is the average phase accumu-
lated in the time T, spent by the atom at average velocity v to go the average
distancc between wall colligions, A, then to a very good approximation,

A% ('*b(‘. U'f'y(: \:’ﬁ\c v
( > L (A1)

I " ” N . L.
£/, Py 2a £ T, TR SN

We wish now to find & for a bulb of arbitrary shape having a volume V and
surface arca A,

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

Here n ig the atom density. If N is the total number of atoms in the bulbk, then
the collision rate per atom (frequency of wall collision for each atom) is given
by

N, v
T A
Since N nv,
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it follows that

therefore

(AZ)

The cffect of the bulb collimator mayv be taken into account by noting that the
averagc pressure in the collimator is 1/2 the bulb pressure, so that the cffective
bulb volume is

and the effective bulb area is

‘The above approximation ig excelient since typical collimator volumes and areas
are less than one part in 107 of the buth values.

Using (AZ2) in (Al) we obtain

'Thug the relationship of wall shift o the ratio of surface area and volume is
very precise and fundamental dependence. The precigion depends only on the
assumption that hydrogen behaves as an ideal gas, and that pressure and Tem-

peraturc cquilibrium cceurs; these are valid assumptions 0 many orders of

magnitude in the present case.




The storage bulbs in the NP and NX masers are cylinders with straight section
length L £ 28 ¢cm and diameters D = 15 cm and with hemispherical ends, also
of diameter D, For this case it is found

(ﬁg) < 3ol (43)

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

b. Surface to Volume Ratio Determination

Several methods are available for determination of the effective value, or change .
in value, of surface to volume ratio. First, it may be measured initially by gas

volume measurement or similar techniques. It may algo be calculated from

scaled measurements. If care is taken in making the bellows, so that the diame-

ter remains constant as the bellows is compressed or extended, then the volume

change is directly proportional to the change in length, and may be easily deter-

mined by counting the turns of the compression screw.

The bulb relaxation time constant is given by T = V/F where F is the collimator
pumping speed. Thus measurement of line Q changes, which depend upon T,

give the effective volume change. One of the simplest methods to measure line Q
is to measure the change in maser frequency as the cavity frequency is changed.
If the cavity Q is constant, or if it is measured carefully, the line Q and thus the
effcctive volume change can be measured precisely. Other techniques such as
pulsed stimulated emission, decay rates using shuttered beams, and transient
response measurements,” may also be used. These techniques are well estab-
lished, precise, and straightforward. It should be noted that basically only the
ratio of volumes (or ratio of measures of T,) are required to make the absolute
wall shift determination.




¢. Change in Wall Surface Properties Due to Strain

It is estimated that there will be on the order of 1% surface strain as the bulb
volume is changed. There is no reason to suppose that the phase shift per col-
lision with the wall is a very strong function of this amount of strain,*® however
the experimental conditions are designed to minimizc any associated error. For
example, if the change in phase shift is a linear function of the strain, it will
cauncel in the bellows maser design, since the convex and eoncave convolutions
alternate in compression and extension. That is, as the bulb is compressed, the
inside obtuse angle surface will be stressed positively (stretched), while the in-
side acute angle surface will be stressed negatively.

If, however, the phase shift is a function of the absolute magnitudc of the surface
strain (a gquadratic function for cxample), then a non-linear curve of frequency
versus inverse volume will be obtained, and the error may be determined by
making measurements at one or more intermediate volumes. Additionally the
strain is maximum only at localized areas of the surfacc, so that the net wall
pulling of that part of the bulb is only a fraction of the total effect. Thus, it does
not appear likely that surfacc strain effects will be a very significant limitation
to accuracy.

d. Cavity Instabilities Due to Flexible Bulb

The material of the bulb sides is .5 mm thick {eflon. The ends are teflon coated
quartz plates. The RF electric field is approximately maximum at the side wall
position, so the cavity frequency changes due to dielectric position changes are
primarily a function of the teflon wall position (or of the quartz bulb side wall
position in fixed bulb masers). The tcflon thickness is 3/10 the thickness of
typical quartz bulb walls, and the dielectric constant of teflon is approximately
1/2 that of quartz. The frequency effect is proportional to the square root of the
dielectric constant, and to the relative thickness, so the teflon bulb cavity pulling
cffect is approximately 2/10 that of a quartz bulb. In addition, in the expanded
position the bulb volume is approximately twice that of an NP maser bulb, so the
line Q is increased by a factor of 2, with a corresponding decrease in cavity
pulling,

In experience with experimental masers using relatively loosely mounted quartz
bulbs, it was found that as long as the mascr was not physically shaken or vibrated,
no unacceptable instabilitics arose in regard {o experimental measurements.

Since both the mass of the teflon material and its cffeet on cavity frequency are
reduced by as much as a factor of 10, it is not anticipated that instabilities will

be a fundamental problem. Additionally, such instabilities as may occur are
random, rather than systematic in nature, and long term [requency determinations
with regard to stable fixed bulb mascrs will minimize any instability problem,
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e. TFilling Factor .

To assurc ogcillation the filling factor of the maser musi cxceed a certain mini-
mum value. (Sec Rel. 19 for dcfinition of filling factor and other maser ogcilla-
tion conditions.) For a centrally located cylindrical bulb 15 c¢cm in diamecter and
40 cm long, within a cavity 25 cm diameter by 50 cm long, the filling factor is
calculated to be ,48, At a contracted volume of 50%, the filling factor is .24.
With the favorable oscillation thresholds of a maser using the NASA elongated
cavity degign, these factors allow a relatively wide range of beam intensity
variation whiic ogcillating. Thus tuning correciions can be accurately made,
and experimental determinations of wall shift may be madc at several signifi-
cantly different flux levels go as to evaluate second order inaccuracy coffcets.

f. Errors Due to Dengity Variations

First, it should be noted that the position of the bulb bottom end, as well as the
size and shape of the bulb collimator illustrated in Figure 4, arc to remain fixed
as the volume is changed. The collimator is also designed go that the bulb time
constant s much icss than other relaxation times af low oscillation levels, Since
the cxil pumping spced of the collimator does not change, the pressure in the
bulb, which is the product of the collimatlor spced and the throughput, may be
kopt congtant, or be changed conlrollably, independently of the bulb volume.

Thus wall surfacc properties which arc solely a function of the density of atoms .
(or molecules, hydrogen or otherwisc) will not change as the volume is changed.
Therefore the maser may be tuned for removal of cavity and spin-exchange
pulling while maintaining identical density conditions for both the expanded or
contracted volume, at cither high or low beam flux,

Ag a preccaution against hackground gas pressure being significantly high, or to
minimizc pressure changes duc to manipulation of the bulb, the bulb is evacualed
by a scparate system as in the ncw NX masers. Ultra high vacuum conditions
are maintained by using only ion pumps, and bellows type yrotary feed throughs
are used for manipulation. Thus accuracy cvaluations may be donc repeatedly
over long time spans withoul contamination of the system.

g. Cavity and Spin-Exchange Tuning Errors
Due to Magnctic Field Inhomogenicties

It has been shown by Crampton?® that certain types of magnctic field inhomoge-
neities can cause an crror in the cavity and spin-coxchange correction procedurs,
[lowever, the ficld inhomogeneities required to create significant crror are very
much greater than those present in the GSFC hydrogen maser designs, The
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pritwary source of the most critical type of inhomogeneity, namely radial DC
ficld gradients, arc the center cnirance hole in the m tgﬂem : shield cap and the

associated correcting coils which are used roduce thc—: regulling effcet, The
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tioning, so it is simulating quite well the ideal conditions which occur in pumping
experiments (where gasses other than hydrogen are 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 the pumps mentioned, would likely work very well at the low hy-
drogen flux of masers similar to the NP and NX designs. The magnetic field
conditions, size, shape and cost, may be the most significant differences to
consider.,

308




1.

10.

11,

12.

REFERENCES

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

C. Adoin, J. P. Shermann, and P. Grivet, "Physics of the Hydrogen Maser,"
Advances in Atomic and Molecular Physics, Academic Press 7, 1, 1971,

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

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

V. Reinhardt, "Flexible Bulb — Large Storage Box Hydrogen Maser,'" Proc.
5th NASA/DOD PTTI Meeting, GSTFC, Greenbelt, Md., Dec. 1973,

D. J. Glaze, H. Helwig, S, Jarvis, and A. E. Wainwright, "Recent Progress
on the NBS Primary Frequency Standard,' 27th Freq, Cont, Symp., USAEC,
Ft. Monmouth, N.dJ., 1973.

A. G. Mungall, R. Bailey, H. Daams, D, Morris, and C. C. Costain, "A Pre-
liminary Report on Cs V, New NRC Long-Beam Primary Frequency and
Time Standard," 27th Freq. Cont, Symp., USAEC, Ft. Monmouth, N.J., 1973,

H. E. Peters, "Hydrogen as an Atomic Beam Standard," 26th TFreq. Cont,
Symp., USAEC, Ft. Monmouth, N.J,, 1972.

H. E, Peters, "Topics in Atomic Hydrogen Research and Applications,"
Proc. of the Frequency Standards and Metrology Seminar, University Laval,
Quebec, Canada, 1971.

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

H. E. Peters and D. B, Percival, "NASA Hydrogen Maser Accuracy and
Stability in Relation to World Standards,' Proc. 4th NASA/DOD PTTI
Meeting, NASA, GSFC, Greenbelt, Md., 1972,

H. Helwig and H, E, Bell, "Experimental Results with Atomic Hydrogen Stor-

age Beam Systems,' 26th ¥Freq. Cont. Symp., USAEC, Ft. Monmouth, N.J.,
1972,

309




14,

16.

17.

18.

19,

20.

22.

24,

3]
(8}

R. Vessot, ci al., "An Intercomparison of Ilydrogen and Cesium Frequency
Standards," IEEE Trans. Inst., Mcas, IM-15, No. 4, pp. 165-176, Dec. 1966,

D. Morris, "tHlydrogen Mager Wall Shift Experiments at the National Research
Council of Canada," Metrologia, Vol. 7, No. 4, pp. 162-166, Oct, 1971,

P. W. Zitzewitz, E, E, Uzgurig, and N. I, Ramsey, "Wall Shift of ¥EP Teflon
in the Ilydrogen Maser," Rev. Sci. Inst. 41, 81, 1970,

H. Helwig, et al., ""Mcasurcment of the Unperturbed Hydrogen Hyperfine
Transition Frequency," IEEE Trans. Inst, Meas., IM-19, 200, 1970,

C. Mcnoud and J. Racine, ""Stabilitat und Genauigheit der Frequenz von
Wasscrstoff~Masern," Z. angew. Math, und Physik, vol. 20, pp. 578-584,
1970.

T. Clark and L. 1. Shapiro, "Time, Geodesy and Astrometry," Proc. 5th
NASA/DOD P11l Meeting, NASA, GSTC, Greenbelt, Md., Dec. 1973.

D. Kleppner, H. C. Berg, 8. B. Crampton, N, F. Ramscy, R, F, C. Vessot,
H. E, Peters, and J, Vanier, "Hydrogen Maser Principles and Techniques," .
Phys. Rev. 138, No., 4A, A972-A983, 17 May, 1965.

J, Vanicr and R, F. C, Vessot, "H, Maser Wall Shift," Metrologia, 6, No. 2,
pp. 52-53, 1970,

II, C. Berg, "Spin Exchange and Surface Relaxation in the Atomic Hydrogen
Mascer," Phys. Rev, 2, Vol, 137, No., 6A, Mar, 1965,

H. G. Andreson, "Mcthods and Resuits for Reducing Cavity Pulling Effects
of the Hydrogen Mager Frequency," 19th Frey. Cont. Symp., USAEC, Fi.
Monmouth, N.J., 1965.

RR. Vessot, M. Levine, L., Mucller and M. Baker, "The Design of an Atomic
Hydrogen Maser System for Satellite Experiments,” 21st Freq. Cont. Symp.,
USAEC, I't, Monmouth, N.J., 1967,

G. Busca, M, Tetu, and J. Vanicr, ""Cavity and Light-Shilt in the Rb®’ Maser,"
27th Freq. Cont, Symp., USAEC, Ft. Monmouth, N.J., 1973,

P, Petit, J. Viennet, R. Barillet, M, Desaintfuscien and C, Adoin, "Dcvelop-
ments of Hydrogen Magers as Frequency Standards at Orsay," 27th Freq,
Cont. Symp., USAEC, Itt. Monmouth, N.J., 1973, .

310




26,

28,

28.

L. W, Anderson, Francis M, Pipkin, and J, €, Baird, Jr., "lyperfine Struc-
turc of Hydrogen, Deuterium and Tritrium,” Phys, Rev, 120, No. 4, pp. 1279~
1289, Nov. 1960,

P. T, Debely, "lydrogen Mascr with Deformabie Sterage Bulb,” 24th Freq.
Cont, Symp., USAEC, Fi. Monmouth, N.J., 1970.

a. S. B. Crampton, "Prospects for the Atomic Hydrogen Maser as a Primary
Frequency Standard,” Proc. Freq. Stdrs, and Metrology Seminar, Univer-
gity Laval, Quebec, Canada, 1971,

b. 8. B. Crampton, Williams College, Williamstown, Mass,, An analysis
of the frequency crror due to radial field gradionts has been made, and
this has been experimemally condirmed for hydrogen masers io which
gradients have heen artificially produccd with coils placed around the
cavity, and in which the bulb has been placced off optimum posiition to

enhance the clfoel, versonal communication, Hec., 1873, to bo published,

D. W, Allan, "Statistics of Atomic Frequeney Standards,” Proc, IEEE, 54,
No. 2, pp. 221-230, Feb., 1964,

Proc. IEEE Special issue on Radio Astronomy, Veol, 41, No, 9, Scpt, 1974,

L, S, Cutler and £, L. Searl, 'Some Agpects of the Theory and Measurement
of Freguency Fluctuations in Freguency Standards,” Proc, IEEE, Vol 54,
No. 2, pp. 136-154, Peh. 1968,

CER-VITR ig produced by Cwens-Illinois, 1020 N, Westwood Ave., Tolede,
Ohio, 45607,

ULE (Ultra Low Expansion) titanium silicale is produced by Corning Glass

Works, Corning, N,Y. 14830,

Varian Asscciates 75
have pumnped up fo f
ond) wore used on Varian H-10 mascers.
using thesc pumps » 1 8 months and 15 vours,
drogen flow rateg in cariy hyvdrogeon masors were sotwoeen 10 and 50 fimes
higher than in the present NASA designs. (Private communication, Varian

Agsociates.)

a, P, W. Zitzewitz, . I, Trguris, and N, 7, Ramaszey, "Wall Shift of TEP

a, i
3 16 3., vol, 41, No, 1, Jan, 1870,

Teflon in ITydrogen Mager,” Rev. 5S¢, Inst

ol
[y
-y




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

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

NASA-GSFC .

312




QUESTION AND ANSWER PERIOD

DR, VESSOT:
Are there any questions ?

MR. REINHARDT:

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 been proportional to the magnetic inhomo-
geneities that he sees in the maser, and he has been using old masers with large
openings. You should see much worse results. Again, his masers they are not

clocks,

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

And so, again, in the carefully designed maser, there should be no problem,
DR. VESSOT:
Thank you. Are there any other questions or comments ?

There is one thing that bothers me on the flexible bulb technique, and that is
that when one stresses teflon, one is likely to change the surface qualities, and
in deforming the bulb from an inverted cone, to — what is the other kind of
cone — exverted, or when one changes the cone, or when one flexes an
accordion like structure, as Mr. Peters has shown us, it is 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.

Do you have anything on that ?
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 it 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 stress factor would
show up as non-linearity in the curves which you could calculate out. Also,
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you could put in artificial stresses at differcent values, and say — there are
experimental ways which, if this does become a factor, we should be able to
get a good feeling on what it is, and cetainly find out whether it is a limiting
factor.

There are a lot of other details that go into the design of the flexible bulb masecr.
This particular onc you saw had a constant opening for the hydrogen flux into the
bulb. It was in a fixed position so that if you change the volume, you didn't
really changce the density of atoms in the bulb, for one thing, You have a fixed
opening, and a fixed flux, so it is designed so you have a rather constant
operating condition, while you change the volume, And as 1 say, therc are
many more ramifications and things to consider, but I truly bhelieve that the
accuracy is really going to be in this region, and onc of the main reasons is
because we can get the accuracy of all the other contributing factors, An
accuracy which would he a noisc process down so low that you get good short
term measurements, and you have good short toerm stability.

DR. VESSOT:

Other questions or comments ?

DR. REDER: .
But isn't it possible that if you use the compression sum, that instead of getting
a non-linearity that you chunge the slope, and then it would be improbable,
wouldn't it ?

MR. PETERS:

We will have to see.

DR, VESSOT:

Harry suggested a good procedure, and that is to stress the teflon without
changing the volume of the bulb, and look for an cffect therc. Tf thig can he
shown to be null, then the confidence in the accordion hulb or the bulb flexure
technique would be very high,

MR. REINHARDT:

Just another comment in relation to that. The reason we chose the particular
flexible cone in my experiment, a very thin cone, two mils, was that you could

flip the cone. The stressing would only be on the edges of the cone where the
material was actually folded over. With a large cone as in a storage box that
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contributes a very negligible
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DR, VESSOT:
Thank you,

1 had intended to give a paper ab this symposium on the work wo are doing at
Smithsonian, hut there waz an ovious conllict of interest, and alse woe have

heen on the treadmill for NAS ing the rocket probe going, and so I would
like to show a few slides, but in corder to avold the conllict of interest, or the
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Well, we 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 either 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 is all T have to say, and unless there are other questions or comments,
then I think that the session is adjourned.

Thank you,
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