COMPARISON OF THEORETICAT. AND OBSERVED HYDROGEN
MASER STABILITY LIMITATION DUE TO TIHHERMAIL NOISE AND THE
PROSPECT FOR IMPROVEMENT BY LOW-TEMPERATURE OPERATION

R. T, C. Vessot, M, W, Levine, and E. M. Mattison
Center for Astrophysics
Harvard College Observatory and Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

ABSTRACT

Expressions describing the limitations to hyvdrogen maser stability
duc to random thermal noise arc derived in terms of parameters
that govern the operation of the mascr oscillator, Possible ellcets
from cavity pulling have becn included by the ad hoc agssumption of
a random cavity resonance {requency variation characterized by a
i1 spectrum. The measured stability of the recently developed
SAQ VLG-11 masers is compared with the predicted stability limi-
tations, and good agreement with Lhom;_\* is lound for averaging
times T between 0,83 sec and 4.2 >0 109 see. The best observed
Allan variance is o(2,4.2 X 103, 4,2 X 103,6) =6 X 10716, For

T > 4,2 X107 sec systematic variations appear to dominate the data,
and the variance represcntation is no longer appropriate.

Using the stability limitation expresgsions we analyze the conse-
guences of low temperature mascr operation. We find that if the
wall relaxation probability per collision remainsg at or below its
room temperature value, therc is a high likelihood of substantial
improvement in maser performance [rom operation al ¢ryogenic
temperatures,

INTRODUCTION

The invention of the atomic hydrogen maser by Kleppner, Goldenberg and
Ramsey in 196001 resulted from a scarch for means of reducing the resonance
linewidth of an atomic clock by increasing the unperturbed intevaction time of
atoms in the microwave ficld that causcs resonuance transitions, An additional
attractive feature that stimulated the scarch was the possibility of operating an
atomic frequency standard as a microwave sclf-ogcillator as had been done by
Townes and by Basov in their pioncering workl?s 31 using the ammonia molecule
as a maser oscillator.

Early results [rom the hydrogen maser indicated that storage times of about
1 sec could be realized by reflecting hydrogen atoms from surfaces coaled with
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alkylchloro-gilanes (Dri-Film) or with Teflon. By using this type of wall coat-
ing in the maser storage bulb, oscillator line Q's on the order of 109 were
achieved.

Predictlions of the stability of such high Q oscillators were madc using tradi-
tional methods/ !l that assume that instability is due mainly to thermal noise
within the oscillatoy linewidth. These predictions indicated that the stability
should vary as =1 2, where T is the averaging time interval, according to the
expression
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Here Qg is the effective quality factor of the atomic resonance (the line Q), Py
is the power delivered by the radiating atoms to the resonant cavity, k is the
Boltzmann constant, and T is the absolute temperature.

Early measurements of maser stabilityM] indicated thatl other noise processes
completely overwhelmed the noise source described by equation (1). Cross-
correlation testsl?] of maser signals showed thatl the major source of maser
instability was additive white phasc noise within the bandwidth of the receiving
or measuring system. In general, this noise could be described as due to an
r.m.s. phase deviation, Ad = v(KKT B/ P,), wherc F is the noisc figure of the
receiver, B is the cffective noisc bandwidth of the recciver, and P, is the power
input to the receiver. In terms of a frequency stability measurement over a
time interval v, we have

Af _ A¢ 1 FRT D @
I " 2uiT 2wiT PO : )

The two noise processes, one identilied with noise energy whosc speetral com-
ponents lie within the oscillator linewidth and the other with noise energy lying
within the bandwidth of the receiver, can be combined as uncorrelated pro-
cesseslO] to give
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Note that a distinction is made here between the oscillalor power level Py, and
the power delivered to the receiver system, P.

As the development, building, and testing of hydrogen masers continued, the
stability datal?] agrced fairly well with equation (3), but the stability plot
almost invariably flattened out for long averaging times, becoming proportional
to 7, This behavior could be characterized by a spectral distribution known as
flicker of frequency noise, (51 1t appeared to be duc to a combination of system-
atic effects chiefly associated with the mascr's resonant cavity. Variations
Afe in the cavity resonance frequency pull the maser output frequency by an
amount
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wherce Q1 is the loaded cavity Q,

The statistical effect of sueh pulling can be included in the variance expression
in cquation (3) if we postulate that Al can be assigned a spectral behavior to
describe its frequency fluctuations. In view of the observed data the logieal
choice is to assume that Afe [ollows the 1/t spectral law, and write the power
gpectral density of cavity frequency variations as
h »

S, =T (5)

C

where he is a proportionality constant.  We can thus express the power spectral
density of the oulputl as
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If this spectirul process is uncorrelated with the others, we can include it in
expression (3) for the variance.

Belore we do this it is appropriate to deseribe the variance in terms ol the two-
sample or Allap variance o(2,T, v, B), where 7 is, as belore, the averaging
interval, T is the time between the beginning of one such interval and the begin-
ning of the next in a time-ordered progression of data, und B is the noise band-
width of the recciver. For the casc where T » 7, i.c., there is "dead time"
between data sumples, and for the two types of noise processes represented by
equation (3), we have

o2, T, T,B) = -ATL
Since we desire to continuc using the two-gsample variance when we include the
cavity flicker effect, we must represent the flicker variance oy as

7(2, T, T, B) = Hg-l- q(%)u in E (} 1/)2 n (-TL 1.\)
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In our practice (T -7)/7 = 0.83/7 so that (T -7)/7T « 0,01 for T 83 scc and we
can write approximately

o2, T, 7, B) & hq 2 /n2




Thus for (T - 7)/T < 1 the total Allan variance is
_1/2
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According to the above description, the =1/2 hbehavior of o can be observed if
the he factor describing the cavity resonance froq{t)mncy variations is sufficiently
small, An example of this is shown in Figure 1,[ I where we see that improv-
ing the power level Py degrades the linc Q owing to spin-exchange relaxation
and, for a given level of cavity instability the flicker floor, or 79, data can com-
bine with the 71 data in such a way as to obscure the 7~1/2 pehavior.

STABILITY EXPRESSED IN TERMS OF THE MASER OPERATING PARAMETERS

The foregoing discussion has dealt with the operation of the hydrogen masers in
terms ol overall parameters. We now look more closely at the behavior of the
hydrogen maser and seek to optimize its performance for various applications
by considering its internal paramelers,

Figure 2 (after Kleppner et al, [10]) shows the relation between oscillation power
Py, and atomic flux I. The functional relationship between flux and power
depends on a parameter, g, a threshold flux, Iy, and a critical power level, Pg.
These three parameters are defined as follows:
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The value of g must be less than 0,172 for oscillation to occur.
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This assumes wall relaxation processes for which Yiw = Yow

2
VL vy T Yy

Ly, = . (10)
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In these equations,

w = 2wf, where { is the hydrogen hyperfine scparation transition
tfrequency.

H = Planck's constant/2m.

o = the Bohr magneton.

bb2




Lintal = the total [lux entering the bulb.,
' = the flux in the ¥'=1, mp=0 hyperfinc sublevel of atomic

hydrogen.
Y — the wall relaxation rate for loss ol phase coherence,
Y = the loss rate of atoms from the bulb.
Ve = the resonant cavity volume,
Vi, = the storage bulb volume,
oy

1H7 averaged over bulb volume)™

n P - = "filling factor”

H™ averaged over the cavity volume

where 1T is the rf magnetic field strength in the cavity and
IT, is its component along the z axis,
gze(T): the spin exchange cross seetion, which depends on the speed
ol interatomic collisfons and thervefore on temperature,

v T) = the average relative veloeity of the hvdrogen atoms in the

bulb,
Q7 the loaded @ of the cavity resonator,
We have
I S N
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where (g is the unloaded Q of the resonator and Q. represents the loading duc
to the external circuitvy coupled to the cavity.

We can cxpress the line Q in terms of the parameter ¢ and the heam [lux as
follows:
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where ygq is the relaxation rate duc to spin exchange, If we substitute the above
expressions for Qg, 1%, and 1} into the stability expressions given in cquations
(1), (2), and (3), we have for the noisc limit duc to noise within the oscillation
linewidth
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and for the additive noisc limit
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These rclations allow us to relate the stability limit to the operating conditions
of the maser and to optimize the stability for a given averaging time interval T,

In addition to the thermal noise terms we can, as beforc, include the systematic
effect of cavity mistuning if we characterize the mistuning by a flicker-of-fre-
quency behavior., Substituting lor Qg in equation (8) we have
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and the complete expresgion for the stability is given by
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This expression, which relates the statistical behavior of the maser's stability
to its internal operating parameters, containg a great deal of information and
gives a considerable amount of insight to the compromises and tradeofls that
must bc considered in designing a device for a given application, Tor example
1f we choose an operating point by fixing g and I/ L}, we ‘-,c,e that the value of
Fyp) =T chosen for a p'nu(fu]ar design alfects the T portion of ¢ as T, the

—Vi/ 2 portion as 'O, and the 77 portion as I'"". The tradeoff between c;h01 t~

term and long-term stability is very cvident herc,

The appearance in cquation (14) of Quy¢, the external loading Q, and of @, the
loaded cavity @, also is of considerable interest. Al first glance it would
appear that we should make Q,, the intrinsic cavity Q, as high as possible,
then make Qr, and Qayt a5 low as possible by overcoupling, However, if we
look more critically we see that heavy external loading can be harmful becausc
the cavity resonance frequency (which necessarily depends on Qgext) can be
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shifted by such effects as line variations owing to temperature or by variations
in the input impedance of the receiver., The fact that Qp appears in the 19 por-
tion of the stability function as Q L2 may tempt us to reduce Q. by loading the
cavity heavily, but systematic cllects can negate any such benefits,

We have arbitrarily added the elfect of cavity pulling in the stability ecuation to
illustrate the effect of line @ in competition with the cavity @; there is no physi-
cal reason thatl the cavity offect will have the assipgned flicker-like behavior,
Turthermore, it cavity ipertm‘l)micms can be reduced, it should be possible to
see the underlying 172 pehavior of ¢ due to thermal noise within the oscillator
linewidth,

COMPARISON OF VLG-11 STABILITY DATA WITH THEORY

During the past swmmer we have had ithe opportunity to make measurcments on
the newly developed V0LG-11 masecrsi ]21-] that were described at last year's
P.T.T.1. conference. The sensitivity of the maser to magnetic, thermal, and
barometric variations have becn reported elsewher(—_‘;”‘ﬂ therc is no measurable
baromeciric effect and the sensitivity to temperature and magnetic fields have
been diminished by a factor ol approximately 3 [rom the previous VLG-10A
design uscd as ground station ecuipment for the 1976 gravitational redshift
missgion.,

The stability data obtained from the VLG-11 tests are shown in IFigure 3 along
with the operating parameters for the test, The stability data closcely follow the
thecoretical limit for averaging intervals from 0,33 see to 1 hr. The best stabi-
lity is 012,4,2 X 103, 4.2 2 10%,6) = 6 ~ 10710, por v 4.2 107 the statistical
representation of the data shows the evidence of the slow drilt that scemed to be
the result of incomplete thermal stabilization of the masers and of variations in
the laboratory temperaturce, Representing such systematic effeets by a statis-
tical variance is inappropriate,

The stability for 7 < 1 hr ig limited by thermal noise, Perhaps it could be
improved by operating the maser at morc nearly optimum conditions, but we
believe the improvement would not be a large onc, Clearly, if a major improve-
ment is to be made it will have to be the result of a substantial change in the
parametlers in equation (14) that describe the operating condition of the maser,

SPECULATION ON THE COLD HYDROGIEXN MASER

Recently the preliminary results of experiments on cold atomic hydrogen by
Prolessor Daniel Kleppner and his co—workers at the Massachusetts Tnstitute of
Tcechnology were brought to our attention by Professor Irwin Shapiro, who sug-
gested that these data might offer new insights to hydrogen maser developments,
Kleppner and his co-workers found that atomic hydrogen could be stored as a
gas at 4 K even though molecular hydrogen frecres at 14 K.




It appears that the retention of atomic hydrogen is made possible by the presence
of a coating of frozen molecular hydrogen on the walls of the storage vessel. If
such a coating became contaminated with impurity atoms, atomic hydrogen would
recombine on the impurity sites to form Hp, thus renewing the continuous
hydrogen film. This would be an attractive property for a hydrogen maser stor-
age hulh,

To illustrate the behavior of a cold hydrogen maser, we must establish a set of
oscillation conditions, We can fix an operating point in Tigure 2 by holding
and I/Iyp constant as we lower the temperature. In this cxample we will also
keep the cavity and bulb dimensions constant and assume that the wall relaxa-
tion probability remains unchanged.

The parameter ¢ contains two temperature-dependent terms, the spin-exchange
cross scction, oge, and the average lCla[FVO voloc1ty, VI. The dependence ol
Tgo ON temperdtuxe is given by Allisonl1%!l and is shown in Tigure 4.

If we lower the temperature from 322 K to 4 K, we sce that g decreases by a
factor of about 22 and the velocity decreases by the factor x’32274 =9, The
ratio [oge(322) vp(322)1/] oge(4) v4(4)] is about 198, so in order to keep

q(322 K) = q(4 K), we can decrcase Qp, by a factor of 198. In practice this would
bc done by ovel couplmo the cavity so that Quy(4 K) « Qo4 K). If, for example,
Q (322 K) = 3.5 X 104 , we find that Qy (4 K) should be made about
(3.5 X 104)/198 177, and Quxt = 177. That the system should oscillate with
such a remarkably low cavity Q is due to the long storage time produced by the
low ltemperature.

Cooling the maser will also affect Qp and Irom the right-hand side of equation
(11) we see that if we keep I/Ii, unchanged @y will increase by the ratio V322/4,
since both yp, and v, are proportional to velocity and, hence, to T /

The pulling effect Afqyt = (Qr, Alg)/Qy, which is the chief source of systematic
drift in the maser, is reduced by a factor of 1776 = 198 Xv/322/4, since Qg is
improved and Qg 1s reduced,

In order to maintain the operating pomt we must keep I/It}1 constant. The guan-
tity I depends on the ratio (vp +Yy,) /QI . At 4 K this quantity incrcases by

a factor of 198/80 = 2,5, which means that we must increase the atomic
hydrogen flux by this amount in order to mect the conditions for our comparison,

Tigure 5 shows the projected improvement in the stability limit under the above
conditions. In this example wec assume that the receiver noise figurc F
improves from 6 to 2 (7.8 db to 3 db) because the receiver's low noise pream-
plifier is considered to be at the same 1ow temperaturc as the maser. The
output power level depends on (v, +Y ): 2/Q and, under thc assumptions of
this example, is seen lo increase by the factor 198/x/ 322/4 == 22 or 13 db.
Based on the comparison with the actual SAO VLG-11 maser data, 121 we could
expect an output power level of -85 dbm.,

556




Maser operation at low temperatures lecaves open other possibilities for improve-
ment resulting from such phenomena as the reduction of thermal cocfficients of
expansion, the possibility of superconductling circuitry (including the cavity), and
the use of superconductling magnetic shiclds.

As menlioned earlier, the big question is whether or not the hydrogen atom will
successfully bounce off a frozen molecular hydrogen wall (or, il necessary,
some other type of wall not yet specificd). The wall relaxation term, \/W:V/Ma,
contains p, the probability per collision of atomic relaxation by loss ol phase
cohcrence,

At present, the only data we know of thatl relate p to temperature are due to

M. Desaintfuscien, [17] Tigure 6 (from ref, 15) shows the relaxation probability
per bounce lor a F.E, P, Teflon-coated bulb, These data show a slight decrease
in p as temperature is deereased Lo 76 K, Whether or not the probability stavs
reasonably Jow us we go from 76 K to 4 K is a very important question, as is the
question of the magnitude and stability of the wall shift at these low temperatures,

To test the feasibility of low-temperature operation, we have begun a program Lo
construct a maser that will operate at low temperatures. Yigure 7 is a sche-
matic view of our é)lanned apparatus, The dewar that houscs the TE 111 mode
avity asscmbly” ] has an inside diameter of 7' and is enclosed in a sel of
magnetie shields. The first tests will be made at the boiling point of liguid
nitrogen (~77 K) to verify that we can reproduce Desaintfuscien's results for
¥F.E.P. Teflon wall coatings,

We will then bring the dewar to ligquid helium femperature while continuing
pulsed operation and carelully monitoring the temperature of the cavity as it is
cooled past 20 K, the condensing point of hydrogen, and 14 K, the freezing point
of hydrogen. Successiul pulscd operation below these temperatures will verily
the storage of spin-aligned atomic hydrogen and will be a critical test of the
device.

To prevent impurity atoms from reaching the interior of the cavity, a carcfully
located beam stop will be placed at the exit of the state selector magnet. At

4 K the crvostat itself becomes an extremely effective vacuum pump that will
scavenge, by condensation and freezing, all stray gas other than helium in the
system. The cavity assembly, by virtue ol its thermal log, will stay relatively
clean until it, in furn, cools and condenses gas. It will then be possible to
introduce in a controllable way gases such as argon or Hy to serve as [rozen-on
wall coatings, and to obscrve the cflect of these coatings on the relaxation rate
of the hydrogen.

CONCLUSIONS

The relationship of the mascr oscillation parameters to the ultimate stability of
mascrs provides considerable insight into the behavior of masers. TFurther
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work would be useful, A syslematic parametrization of maser performance can
be made using compuier techniques, and a more general treatment of wall
relaxation can be made by eliminating the requirement made here that y{,=Voye

It must be recognized that our approach is valid only for stochastic processes
such as thermal noise, Systematic limitations of known origin can be included
if the perturbation has a reasonably well understood spectrum, even though the
physical basis for the spectrum is in question,

Whether or not the cold maser will work can only be determined by experiment
and we look forward to observing the behavior of the maser as temperature is
decreased. The prospect for making relativity measurements such as tests for
gravity waves using precise intersatellite doppler measuremernts would be very
much improved if stability in the 10717 level can be demonstrated.

We would like to thank Drs. D. Kleppner, S. Crampton, and I. Shapiro of M.LT.
for many uselul and inleresting discussions,
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Iig, 2—-D7/ P. versus I/Tth for different values of the parameter . This family
of curves shows the strong influence ol ¢ on the operating conditions,
It spin exchange is neglected, =0 and radiated power increases mono-
tonically with beam flux, Tor g>0 therc is an upper limit to the flux
for osecillation to oceur and above a certain value (g=0.172) the maser
cannot oscillate at any beam flux, ¢ is defined in Tq.(8) (from ref, 10),
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Fig. 5—Projected improvements in hydrogen-maser stability duc to low-tem-
perature operation.
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QUESTIONS AND ANSWERS

MR. HARRY PETERS:

Could you address the question of accuracy with respect to a con-
stancy of the surfaces, the surface of hydrogen, the decrease in
velocity, and so forth.

DR. VESSOT:

In this case, accuracy is a question of the wall shift. I didn't
bring the plots that Desaintfuscien made of that, but there is
substantial wall shift on Teflon as the Teflon gets colder. I
don't know what happens with frozen molecular hydrogen. We can
only measure it. I suspect that there will be a wall shift and it
might be rather substantial.

[ also would expect that it would be rather stable. First of all,
we are running at 4° Kelvin and that temperature stability is
usually pretty good. Secondly, the surface is, as I mentioned
before, self-renewing. Whether or not the texture of the surface
stays the same or whether you have frozen hydrogen icicles growing
in this thing is a good question. I kind of doubt that. I think
the vapor deposition will be very uniform. There is always the
question of what might happen with the build-up of frozen molecular
hydrogen within the cavity as time goes on. Will this bother us
significantly? With the pulling factor reduced by 2,000, I think
we might be able to relieve ourselves of some of those worries. I
don't really know--that's why we are trying.

MR. HARRY WANG, Hughes Laboratory:

What is the probability of the hydrogen atom sticking to the surface?

DR. VESSOT:

It doesn't have to stick. It will thermalize, but I don't believe
it has to stick. It will hit the surface and assume the surface
energy and eventually reach the same level of energy as the surface.
But I don't believe it has to stick necessarily.




MR. WANG:

In all these hydrogen masers running at different temperatures, we
come down to the practical problem of the thermal electric current.
It is entering all kinds of stray magnetic fields, and I wonder if
you have considered that in your projection for stability. Of
necessity, the way we have part of the maser at room temperature
and not the other part, there is a difference and a probability of
thermal electric current.

DR. VESSOT:

The cryostats were fine, made mostly of fiberglass. And we do
recognize that the thermal electric currents are a problem. We
have encountered them before in lasers. [ assure you that this is
one of the things we are watching out for, but as a fundamental
1imit I don't believe it ought to bother us.

The other things are that one can invoke the use of superconducting
magnetic shields. The cavity in this case is going to be the
copper cavity that we built for Roger Easton under previous con-
tract. We are going to cut it down so that it will fit in a 7-inch
pipe. Now that copper cavity may have thermal electric problems.

On the other hand, we are doing a very roughshod experiment here to
look for a relaxation rate below or at 4° Kelvin. If we see anything
that Tooks Tike a good relaxation rate, we are in business; and the
next experiment is the one that is going to show whether it runs as

a clock or not.

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

The factor that you mentioned as a ratio of the Q's is really also
a function of the relaxation time. Now, in the case where one
normally runs the hydrogen maser, the relaxation time is changed by
about a factor of two or three. However, when you go to 4° Kelvin,
you have a radically different relaxation rate. In reality, you
really have to look at it more closely and consider the relaxation
times as well as the ratios of the Q to adequately determine the
pulling factor.

DR. VESSOT:

That is correct. The relaxation time in question here is the same
one that Harry Wang is questioning. It is relaxation time of the
atom on the wall. In these conjectures here, we have taken the
same relaxation time as exists at room temperature and said what




this obtains at 4° Kelvin. The relaxation number is contained in
this term here (referring to slide), assuming that has not changed.
In the geometry that we have, gamma wall is considered to be
somewhat less than gamma bulb in all cases.

Why this optimism -- at Teast up to 76° Kelvin? The relaxation
probability seems to improve as temperature drops. Now whether
that will hold as this thing goes screaming up at 4° Kelvin is the
main issue, I think, of the whole experiment. And all the things
that happen as a result of this probability of relaxation is, in
fact, the bottom Tine.

If we can show that that relaxation rate is acceptable, then we may
be able to improve stability substantially.






