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ABSTRACT

A description 1s given of some specific features
of the Labeoratnire de 1'Horloge Atomique masers,
together with a discussion of the reascns of their
cholce. The performances achieved are givern, with
anc withour action cof a classical auteturning sys-
tem. Some pessible improvements are alsc described.

[ NTRODUCTION

Besides twoc experimental hydrogen masers, two reference hydrogen ma-
11

sers are in cperaticn a2t the Labcratoire de 1l'Horloge Atomique since

1972, Fig. 1 shows a schematlic drawing of these masers, designed for

operation in laboratory o icrs. We describe thelr specific fea-

nolces are dis-

tures and the performarces cbtalned. The

cussed, as well as possible lmprovements.

SPECIFIC FEATURES OF THE REFERENCE MASER

Three major points will be considered @ the production of the bear of
atomic hydrogen, with & difference of populatisn he-ween the levels

invelved in the maser tTransiticn, The s*crage of the atems in the mi-

crowave cavity, and the maser signael proces

& by
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PALLADIUM PURIFIER

It is designed to give a fast response time to the hydrogen flow re-
gulator, so that the dead time while the cavity is tuned by varying
the beam intensity 1s very small.

a. Low thermsl inertia palladium purifier
The palladium-silver alloy, shaped as a glove finger, is heated directly
(Fig. 2) (l). The hydrogen gas under high pressure (3 x 105 Pa (3 bars))
is located inside the palladium tube, so that the heat transfer to the
surrounding is minimized. The working pressure of 7 Pa (5 x lO“2 torr)
is obtained with a current of 2.5 A in the glove finger. The corres-
ponding heating power is 0.4 W only ; the measured thermal inertia of
the palladium leak equals 4 s.

b. Source pressure regulator
A pressure gauge is made with a thermistor, with a small thermal iner-
tia. A simple electronic system maintains constant the value of its
electrical resistance, and therefore the value of its temperature for
all the useful values of the hydrogen pressure. This electronic system
provides to the thermistor the electric power which compensates its
thermal losses. The heating current is alternating, with a frequency of
15 kHz, in order to avold the drifts associated with the operation of
a DC current pressure gauge. The emf of the source providing the power
to the thermistor, which 1s a function of the hydrogen pressure, is
detected at a high signal level and compared to an adjustable reference
voltage in order to serveo the heating current of the palladium leak and
to maintain the source pressure at the desired level,
The time constants in the servo loop are the time constant of the pal-
ladium (4 s), the time constant of the pressure gauge (].O_2 s), the
pumping time of the gas in the source (1.5 s) and the transit time of
the gas between the palladium and the gauge (0.5 s).

c. Performances

Fig. 3 shows the response of this pressure regulator to steps of the

reference voltage. The pressure, measured by the gauge, is established
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within 20 s. This time could De reduced by a factor of 2 by decreasing
the transit time of the nycdrogen gas between the palladium leak and

(1)

the discharge tube

The stability of the pressure scurce 13 gulte good @ the drift is

Ne

T

smaller than 1 % per day for a working prescsure of 13 Pa (0.1 <orr).

HYDROGEN DISSOCIATOR

Molecular hydrogen is disscclated In a cylindrical discharge tube,

2 cm in diameter and 20 com long. The mean time spernt by a molecule in

the discharge is long, so that Zts disscciation prebability is very

high.

The atomic beam is issued from 2 zingle cylingrica. tuke, coaxial with
a

the discharge tube. This desigr is easy tc implement, and does not

significantly affect the directivity of the beam and the efficlency of

the dissociation : the measured atomic concentration in the beam is of

2)

the order of 0.6 for a working pressure of 13 Pa (C.1 torr) ( .

STATE SELECTOR

The pole tips of the hexapole are shaped in order tc it the theoretical

(2)

equipotentiel curves The measured field repartitian in the magnet
is very cleose to the thecretical field repartition, us shown in fig. u.

ot
o

by

Consequently, the effective cizmeter of the magnetic lens is very close

to the physical diameter c©f the zmapgnet, allcwing an efficient use of

the atomic flux issued from the source, and the coptical properties of

42

lecity cligtribution

(&

the magnetic lens can be czlculated for @ ziven w
in the bean .

CAVITY PULLING

In order to

lower The cavity pulling effects, 1t 1z recessary, for a

given atomic line wicth, to 1 ceefificient of the

cavity, to contrel itz Temperature, and To Tune 1T properly.

a. Thermal compensation of the cavity




The cavity is made of quartz, with metallic compensation rods. The com-
pensation is adjusted in order to be effective for the cavity loaded by
the storage bulb. The cavity is enclosed in a thermal shield situated
inside the vacuum tank. In a recent realization, the measured thermal
coefflicient is of the order of 0.1 kHz K“l.

b. Thermal control of the cavity
The temperature of the cavity is regulated within lOL3 K for 20 days
and 10—2 K for four years.

The thermal control is provided by three concentric ovens ; each of
them being divided into three independently regulated parts

- the magnetic shield n® 2 (the two end caps and the lateral wall).
Its temperature 1s malintained at about 28° C.

- the magnetic shield n® 5 (the two end caps and the lateral wall).
Its temperature is maintained at about 43° C,

- the copper tank enclosing the cavity. The lateral part of the
tank and the upper part of the pumping tube are maintained at 48° C.
The lower part of the pumping tube, made of stainless steel, is main-
tained at 35° C at the level of shield n® 2.

The separation between each magnetic shield i1s filled with a thermal
insulator.

The microwave cavity itself and the storage bulb are thermally insula-
ted from their enclosure, being supported by quartz posts. A cupper cup
is set at the top of the pumping tube, in good thermal contact with the
copper vacuum tank. It prevents, as much as possible, thermal radiation
exchanges with lower parts of the maser. The time constant of the tem-
perature variations of the cavity is 15 hours about.

The temperature sensors are thermlstors, which are maintained in two
opposite arms of a Wheatstone bridge.

The voltage produced by temperature fluctuations is amplified by a low
drift operational amplifier and determines the duty cycle of a multivi-
brator. The period of the pulses is about 1 ms. Their width determine

the heating power.
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The output *transistcor oI The clirculrt Iz used sg & switch, and the power

efficlency Is ve
The neating currens eds a resnlistlive oo =7 2 ¢ Lhe lnner conduce
of copper,
ternaly insulatec wizh tevlon ne cable Is gluec fto the wall

ich 1s te be contrelled. Thoe -hermisteors ar r pood thermal contact
with the wall, and as close as possible To the heating cable, in order
to reduce the delay
We never observed

N

of pulsed heating
hields coaxia .
The perforrances cbts
using a cavity with o large
1 mK stability over 20 days, and by a direct measurement of the cavity
temperature, via a platinum resistance temperature *raneducer for the

10 mK stability over 4 years.

MAGNETIC FIELD

The atoms are shieiced Zrom = tous magnetic fleid lat = b ix
magnetic shields, all made of wumetz’l, with o thickness of 2 mm. The
fluctuations of the magnetic Field which is applied Lo the hvdrogen
atoms, due to magnetic ucise in the cralory has | reasured on an
experimental maser equippoed with sirilar elds, The measurement of
the frequency s ability o the fleld depsndent AF ~, Moo= 7 transi-

. 5 ] . . y PR I
tion (s) snowed T . ictuztione dre of tTrhe nrier of

(0.1 nicrogauss

COLLISIONS WITH
Cellisions with

atomic frequency and relaxatl

The best way tc get rid of thess spurious = s s to maintain as
good as possible a vacuum., Thiz The Teason Why we two vacuun

pumps and two separate wvacuun charhers, made o 3t ain, steel or




copper (inside the magnetic shields). Only metallic gaskets are used.

MICROWAVE SIGNAL PROCESSING : ELECTRONIC CIRCUITS WITH NO SPURLOUS
PHASE SHIFT ASSOCIATED WITH VARIATIONS OF THE SIGNAL LEVEL

When a hydrogen maser is used as a frequency or time standard, its
cavity is tuned by the classical "frequency method" tuning. In this
rethod, the atomic linewidth is modulated and the cavity is tuned in
order to cancel any frequency modulation associated with the linewidth
modulation. The level of the oscillation varies with the atomic line-
width. If the receiver introduces phase shifts related to the level of
the signal, these phase shifts affect the short term frequency sta-
bility of the frequency standard.

Furthermore, the application of an alternative method for the cavity
tuning critically depends on the use of electronic circuits showing, as
far as possible, a level independent phase shift. In this application,
the level correlated spurious phase shift must be smaller than a few
10—3 degree for amplitude variation of 3 dB.

These phase shifts are due to non linearities in bipolar transistors
parameters and to thermal effects.

It has been shown (7 that the non linearities of the transistor para-
meters are proportional to the square of the voltage amplitude and to
the phase lag in the considered circuit.

In low frequencies amplifiers, the thermal effects result of the varia-
tion of the electrical parameters of the transistors which are induced
by the variations of the power dissipated in the transistors. This
variation has a corpenent in quadrature with the collector current,
owing to the thermal inertia of the device. An amplitude dependent phase
shift may result.

This effect can be avoided if the transistor 1s polarized for an extre-
mum (maximum) power dissipation : the fundamental of the parameters
variations then disappears.

We have built 5.75 kHz amplifiers (Fig. %) according to the following

design rules




- transistors with & large transizticn “reguency are used

- the collector to D: tages are nigh enough To reduce the
voltage dependence of The ccllector teo base capacitor

a
- the high frequency cut-ofF i1z as large 2s possible, and the
low frequency cut-off as small as possible
- the ceollector is pelarized for the maximum value of the dis-
sipated power
~ feedbsck in the emi<ter civrcuis reduces *the 2lslopsion rete und
linearizes the irpus impedance

- the output volltuge musT ol e T e maximurn arplitude

is 1 V at 5 kEz and .1 V at &
On the other hand, it is known that phase comparaters are not ideal
devices and that a modulation of the amplitude of the signal induces
a medularion in the D.C. output, sven when the signal and the refe-
rence are very close Tc the guacrature condition., Consequently, the

uge in the phase-lock locp of an amplitude Zimiter showine g level
P P E

indeperdent prasze shift iz of The maser

lation level is modulated,

Such amplitude limiters, at 2 working frequency of 5.7% kHz, have been

built (Fig. 6), according tc the Franck's (e) analyzis of the wave
form dependent phase shift.

give confidence

bt

Various tests on amplifiers and amplituce limiters
that the achieved amplitude corrslated chase st

-2 . s in
than 10 degree for amplitule werliatlions o0 5 4G,

PERFORMANCES OF THE TWO REFERENCE MASERS

We have not yet perrforrmed o Zirecot vrerenl of the wall

shift i our reference

buch o measurament will be possible

Fyam

in a near future, using the doulle bull device described later.




FREQUENCY STABILITY WITHOUT AUTOTUNING SYSTEM

The signals delivered at the output of the 1420 MHz low noise amplifier
of the two reference masers are mixed and applied to the input stage

of an electronic heterodyne receiver. After detection, the beat note is
filtered in a low pass filter, with a bandwidth of 6 Hz.The difference
in frequency between the two masers is set between 0.1 and 1 Hz by
adjusting the magnetic field.

Fig. 7 shows a plot of the root mean square of the Allan variance of
each maser, the statistical properties of which being assumed to be
identical,

For each value of the averaging time.T, (T < lOu s) each experimental
point is determined from a series of more than 100 samples. The uncer-
tainty in the estimation of the Allan variance is then less than

w08 9,

The fractional frequency stability is 4 x lO_la/T for 1 s < T < 40 s
and 3 x 10“15 for T = 1000 s (for that last figure, 600 non selected
data points of a continuous run have been used to compute the Allan

, . . . iy
variance). The daily frequency fluctuations equal a few parts in 10

FREQUENCY STABILITY WITH AN AUTOTUNING SYSTEM

A classical autotuning system has been built and tested. The frequency
of the 5 MHz quartz crystal, phase locked to the maser under tuning, is
measured for high flux and low flux.

The difference between the two results 1s used to tune the cavity. In
thig device, the frequency is not measured while the flux changes (the
dead time equals 30 s, which is longer than the time needed for the
pressure change in the source).

Fig. 7 shows the frequency stability of the phase locked 5 MHz quartz
crystal oscillators multiplied up to 400 MHz. The frequency stability
méasurement data are taken continuously, even when the flux is varying,
and without correlation with the atomic flux modulation. The short term

frequency stability could be improved by using better frequency multi-
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pliers in the phnzse lock loop.

POSSIBLE IMPROVEMENTS

ADIABATIC RAPID PAGSGALL

This device, which reduces *tne spin exchange relaxaTlion rate witnout
been successfully

ws in the bulb o

(10)

affecting the density of useful 2

tested in the past in an experimental maser

PHASE METHCD FOR THL TUNING OF Tii CAVILY

T,
=

It has been shown (%) that if the level of the maser oscillation is
varied, without affecting the atomic linewidth (for instance, by va-
rying the beam composition without affecting the total beam flux), the
phase of the maser oscillation varies, unless the cavity is tuned to a
particular value.

For this particular value, the maser angular Irequency w([¢:o) differs
from the atomic angular frequency by the quantity

2 (1)

B ppz0) — 2 Fr Voe
(6)

where €y 7 (4.04 + 0.35) lO_L+ at room temperature - Ey is the para-
meter describing the effect of the duration of hydrogen-hydrogen spin
exchange ccllisicns (€ , and vy, ls the transverse relzxation rate asso-
ciated with spin exchanga.

On the other nand, the classical linewidth methcd tuning leads Tc an os-
cillation angular frequency W pr=0) which Ziffers frcm the atomlc angular

frequency by the gquantity

-
-2 €

pa0) T z Yop (2)

where Yoq is the transverse reiaxation rate not depencing on the ato-

mic density in the storage bulb.

The values W .oand Mo . can be measured within 10 % since €
(LF=0) (tp=0) 4
(&)

is known within this error
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11)

. : ( . .
an uncertainty of a few percents . This uncertainty on the value

of AM(AF:O) and Aw(&¢:o) leads to a relative uncertainty of a few parts

, 14
in 10 on the maser frequency.

Consequently, the phase method can be used as well as the classical me-

thod. One must keep in mind that the oscillation freguency of the maser

tuned by the phase method slightly depends on the density in the bulb

. -1 . .
a Yo, fluctuation of 0.1 s leads to a fractional frequency fluctuation

14
smaller than 1 part in 10 at room temperature.

The difference between the two frequencies w and w

(Ad=0) (2p=0) 18

Bap=0) T O(rr=0) T 2 Fu V2 (3)

(it is worth noticing that this formula could be used for a measurement

of the €y parameter).

The phase method has been successfully tested : the modulation of the

level of oscillation was obtained by modulating the beam composition.

This was accomplished by switching on and off a DC current in a coil,

coaxial to the beam, and located between the state selector and the

storage bulb entrance. The period of the modulation was 4 s.

The experiment was made possible by the use of the electronic circuits

described in the previous section.

The experimental results are shown in Fig. 8 where the phase variation

M 1s referred to the maser oscillation frequency of 1.42 GHz.

The origin of the horizontal axis is set at the frequency w

(4F=0)
delivered by the maser tuned according to the classical method. The

errors bars are determined from the level of residual noise affecting

the measured voltage.

. . . e -13
The line crosses the horizontal axis for Af/fo = (0.25 + 0.8) x 10

. . -13 .
whereas the fractional frequency shift should be 2.8 x 10 as given

by equation (3). This apparent smal discrepancy is likely connected to

the Jjoint effect of inhomogenelties in the static magnetic field and the

(6)

microwave field as already cbserved for the classical method of
(12)

tuning of the cavity



The fundamental zdvantage of the phase metheod should be a large reduc-

tion of the pericd of modulation (i.e.

beam intensity is medulaTted).
quency of a

in the autotuning s

wileh is

nolise in the errcr

DOURBLE STORAGE 2ULS DESIGH

The standard methed for measuring

mic collisicns on the

the maser oscillation freguency as
cy by using bulbs of varlious diame

|4
&

the colilisicn frequency >y usin

These luast devices imply the use

Consequently, the

the fregquency

wall of the storage bulb ¢

!
L

instead of 300 s when the

=
o

B

icker noise of fre-

czad az oz fragquency reference
‘e To g amaller extent to the

used To tune the cavity.

shift due to the ato-
ronaizts in measuring

a funcricr of The collision frequen-—

“er 1t s zlse pozsible fo vary

L]

i

(13)

.

single bulb with a variable shape

of a {lewible tefion sheet which is

submitted to different stresses for the different configurations.

We are studying a double configuration bulb without any flexible sheet

and which allows a large variation

shows the principle of this bulb.

cbtained, for =2 terperature,

They differ Dy

The osciilaticon
for bulk and caviiy Terperatur

frequency stability.

This wcrk has been sponsored

of the collision frequency. Fig. S
The two collision frequencies are

fer the “wo positions of the valve.

“he two pesltlcons ol the plate, and
and 393 < with a good
N.R.5. and BL,NLM
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F1IGURE CAPTIONS

Fig. Simplified representztlicn of the structure of the masers
Fig. Mechenical assembly of the palladium-silver leak
Fig. Response of the pressure repulator to steps of the reference
voltage
Measured magretic field variations as a function of the dis-
tance te the axls of the hexapole magnet
Amplifier at 5.7% kHz with a gain of 40 dB
Basic circuit for amplitude limiter
- Plot of the root mean square of the Allan varlance

(:) for the reference masers without autotuning

(:) for the reference masers with an autotuning system

8 - Experimental results for the test of the phase method for
the cavity tuning

9 - Double storage bulb set-up
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Fig.1_Simplified representation of the structure
of the masers
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Fig.2 _ Mechanical assembly of the palladium-silver leak
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Fig. 3-Response of the pressure regulator to steps of the reference voltage
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Fig.4 _ Measured magnetic field variations as a fonction of
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Fig.> — Amplifier at 5.75kHz with a gain of 404dB
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Fig.6 — Basic circuit for amplitude limiter




45, (2.7, 7,=0,B=6Hz)
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1 _for the reference masers without astetuming
\ 2 _for the reference masers with an astetening system
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Fig.7— Plot of the root mean square of the Allan variance
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Fig.8_Experimental results for the test of the phase method for the cavity tuning
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Fig.9 — Double storage bulb set-up






