ATOMIC FREQUENCY STANDARDS:  SURVIY AND FORECAST
v

Jacaues Vanier
laboratoire d'llectronique (antique
Département do Génie Tlectrique

Université Laval

uchec, Canada

The present puper is a concise survev civing the characte-
ristics (mainly stahility and accuracy) of state of the art \tomic lre-
aquency Standards, \ modest attermt is made at o nrojection in the fu-
ture on irprovements that could be accomplished with major research and
development efforts. lhe reador will find well documented information
on Atomic I'requency Standards in several review papers which have been
published within the last ten vears (1-7). The present paper is hased
on some of these articles, and owes ruch to some other nublications
morc closely related to the question of forecast (8-10). Tt is also
hased on private commmications nith various scientists working active-

ly in this field.

The Basis of Atomic Frequency Standards.

Basic concepts

An atomic frecquency standard 1s a frequency generator in
which the essential harmonic rotion is produced by oan atomic resonance,
Ihis resonance originates in a transition hetween two spocific energy

levels of the atom in question. The resonance lrequency is given by

\ FZ - hl
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where Ez and E1 are the cnergy of the two levels involved and h  is
Planck's constant. The main rcasons behind the idea of using such an

atomic resonance for producing an harmonic motion arc:

a) The energy difference Al = Fy-Ey giving rise to v is primari-
1y a function of fields intcrnal to the atoms and, within some speci-
fic conditions and limitg is only slightly affected by external fields
or perturbations. Furthermore these perturbations in many cases can he
well controlled and calculated, and corrections can be applied to the
frequency observed experimentally. When the corrections are well
known, one can retrace back fromthe frequency measured to the actual reso-
nance frequency A of the frece atom at rest, This consideration 1is
related to the accuracy of the particular standard. llere accuracy 1is
defined as the cumulative uncertainty on the frequency corrections which
must be applied to the observed frequency in order to obtain the transi-
tion frequency of the free atom at rest, divided by the nominal frequen-
cy. In practice it amounts to a measure of innacuracy. The smallest

numbers give the highest accuracy.

h) With some cnsembles of atoms it is possible to obtain very narrow
resonance lines. This i1s in fact related to the actual 1life time of
the atoms in a particular statc. The longer the lifetime of the
atoms, the narrower the resonance is and one defines a line quality
factor as N

0
Q=5 (2)
where Av is the width of resonance line, Although, in principle the
lifetime of atoms in a given state may be years, in practice the simple
process of probing the resonance limits this lifetime and a compromise

must be made between signal amplitude and lincwidth,  Furthermore, as
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will he discussed helow, other perturbations which broaden the line arc
always present in actual devices. However, the line 0's possible in
practice for some atoms are still much higher than those obtained in the
best standard mechanical devices such as quartz crystals used in preci=
sion oscillators. The line quality factor relates to the precision with
which the line center can be determined experimentally, The line quali-
ty factor relates also to the stability of the frequency standard. Here
frequency stability is a measurc of the degree to which the trequency
will stay constunt after the oscillator has been sct in operation., Tn
the present article we will characterize the stability cither throuch

the spectral density Sv(f] of fractional frequency fluctuations or

wv(r), the two sample variance. (11)

I, - E

¢) Tt is also believed that vo= _2_?,,23 for a oiven pair of le-
vels in a specific atom, is & constant ?hdopcndent of time. This is
in contrast with the actual rotation rate of the ecarth which is known
to fluctuate and quartz crvestals vhose frequency is known to chance
with time. The idea is {undamental and drifts observed in actual fre-
quency standards are assumed at present to be entirely inherent to the
practical realization of the standard. The second is currently defined
in terms of a particular transition in cesium, whose frequency is

9, 192, 631, 770 Hz.

Practical realization.

In order to realize an actual device based on the concepts
discussed above, several nractical considerations must be examined.
These considerations actually dictate the choice of atoms which is of

course 4 main point in the whole discussion.

The problem can be best situated with a block diagram sho-

wing the two possible approaches. In general onc wants an oscillator




at a given nominal frequency of, say, 10 MHz to represent as well as
possible the characteristics of the atomic resonance line. It thus
amounts to a question of locking a frequency generator, generally a
quartz oscillator to the atomic resonance line. This can be done in
the two modes illustrated in figure 1. In the active mode, the atomic
ensemble, well prepared in a given state, emits cnergy at its resonance
frequency. The quartz oscillator is locked in phase to the coherent
signal emitted by the atomic ensemble; onc has what is called a phase
lock loop, In the passive mode, the ensemble of atoms also well prepa-
red in a given state is questionned or interrogated with a signal deri-
ved from the crystal oscillator as to what its frequency is; we then
have a frcquency lock loop. Figures 2 and 3 give more details on the
two approaches.

Trom figure 1, it is seen that one must consider as essen-
tial processes: a) the choice of the atomic ensemble, b) its sto-
rage, c) its preparation, d) 1its interrogation and ¢) the detec-
tion of the atomic signal. Thesc points have been discussed in some
details by several authors in various ways., (9, 10). 1t is clear that
the processes are not completly independent and that interaction can
exist hetwcen them. Tor cxemple the choice of the atomic ensemble 1s
dictated by practical considerations such as obtaining a decent vapor
pressurc at a moderate temperature, the possibility of storing it in

some enclosure or forming a beam of these atoms.

a) Choice of the atomic ensembles: As 2 general rule and added to cons-
traints of practicality, the All of the atomic ensemble chosen should
he affected as little as possible by external force fields and by the
experimental set up uscd to detcct the resonance. Another considera-

tion, of course, is also that the linc width should not be aflfected to

a too great extent by the same mechanisms used to detect the resonance.
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For the purpose of the discussion it is best to look at the reaquirements
for active and passive devices scparatly. lowever on a general basis,
for practical reasons, a first criterion should be fulfiiled: the ato-
mic resonance frequency should he in a usefull range in order that its
detection 1s not too difficult and that it can be u%@d, for example, for
locking a crvstal oscillator. Ihis constraint has greatly limited the
choice of atoms for practical (reauency standards. 7 course, freauen-
cv standards exist at very hish freouencics (stabilized lascrs). llowe-
ver their signal frequency camnot be processed as easily as in the case
of basic standards in the microwave region. ‘These standards exist as a
class almost by themselves and until, rcliable, low cost, low complexi-
ty synthesis techniques are developed thev will stav that way. This

n no wav, however, has inhibited rescarch as such in this particular

sector.

I active devices, such as the hydroeoen and rubidium mascrs,
where the storage princinle in a bulb is used, other requirements arc
low atomic polarizability, in order that upon collisions AF and A
are not altered too drasticallv, as well as absence of reaction with

other atoms used as huffer cas nr wall coating of the container.

I passive devices usling heam techmiques, the detection of
particles requires a low fonization potential i¥ the hot wire technique
is used for particle detection, On the other hand i“ sclective optical
absorption is used to detect the state of the enscmble, the transition
probability at the photon waveleneth shoy

L

Noble gases are chemically inert but thev have a ground

le : -
state S, thus have no magnetic moment, have no hwer{ine structure
|9 .

and do not posscss a resonsnce (requency in the microwsve rangc which




is a range of frequencies easily treated with present technology. On
the other hand, hydrogen and alkali atoms (Li, K, Na, Rb, Cs, Fr) have
a ZS% ground state and thus have a strong magnetic moment. Their
hypor%ine frequency is in a usefull range where nresent day technology
permits easy experimental signal processing. However they are far from
being chemically inert. A compromise 1s thus made. They are either
used as a beam or under the form of a vapor pressure containcd in an
enclosure coated internally with an inert film or imbedded in an inert
gascous matrix such as a buffer gas. The atoms that havc been most
studied for the purpose of atomic frequency standard apnlications are
11, Rb, and Cs. Presently they form the core of thc most documented
atomic frequency standards., They have been used in different types of
arrangements either active or passive. Unfortunatly their frequency
depends quite a lot on the magnetic field present and scrious precau-
tions must be taken to shield these atomic ensembles from environmental

fluctuations.

Of course other atoms or molecules have been used for fre-
quency standards applications or have been tried. For examnle NH3 and
T2 have interesting characteristics and have bheen uscd for implemen-
ting particular frequency standards. These will be discussed below.
Other atoms have also been proposed and are presently under investiga-
tion. These are, Mg, Ca, Ag, DBa, Hg, Bi and others. Ilowever the
implementation of these atoms in a given system, forms, for each one,

a particular case and must be discussed on an individual basis. For

frequency standard applications, they generally suffer from one of the
requirements mentioned above: generally it is the frequency which is
not in a usefull range. Somc other atoms suffer from the signal detec-
tion point of view. However, this is related to the actual experimen-

tal technique used.
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Thits the main point to remember herc is that the choice of
the atomic cnsemble for practical frequencv standard applicatior= depends
largely on considerations related to the problem of "usable freauency"
and this will stay true until reliable frequency synthesis [rom micro-
wave to optical frequencies becomesroutine work in the laboratorv. On
the other hand, intrinsic atomic particularities will dictate the expe-

rimental arrangement to he used.

b) The storage of the atomic cnsemble: The atom must he stored
somewherc to he examined as to what is its resonance frequency.  Here,
storage is taken in its most general sense. The most conventional sto-

rage processes are the following:

- Storage in a hulb under the form of a vanor.

. The inside of the hulb mav he couted with an inert €ilw. Tn that
case the atom is free to move inside the bulb and makes collision
with the wall. This nermits long observation times; for hydrogen
a lifetime in cxcess of one second is possible. However collisions
with the wall create perturbations in the atomic wave function, cau-

sing relaxation and an average frequency shift,

. The bulb is not coated, hut an inert gas is introduced by which the
motion of the studied atoms is inhihited to some extent and can
take place mainly through diffusion. ‘lhis technique is used pre-
sently in Rb and Cs wvapor freouency standards (passive and ac-
tive). The buffer gases cormonlv used are No, A, Ne, CH4. The
atom  has a lifetime limited by collision processes with the buffer
gas atoms and diffusion to the wall,

. In some cases, 1t is preferable te use hoth techniours ot the same

time: wall coating and huffer oas. In this case the lifetime is
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limited mostly by collision nroccsses with the huffer gas,

- Storage through drift in a beam.

In this case the storage region is the atomic beam and the interro-
gation or observation of the atomic ensemble is done at very sneci-
fic regions in the path of the beam. A tynical examplc is the case
of the NH, maser in which the heam of molecules passes through a
microwave cavity and cmits its energy inside this same cavity. The
average storage time t is simply the length of the cavity divided
by the average speed of the molecules. The line width is thus of
the order of 1/T. Another typical example is the Cs beam tube
whose observation is done at two different regions of the beam path
in two microwave cavities. Tn this casc although the observation
time in each region is short, the drift time between the two regions
js of fundamental importance. If L is the distance between thesc
regions the effective time of storage is ~L/y; (v=atomic specd). Tt
should be rcalized that this technique can be applied at any fre-
quencies up to the visible. Since the line width, v/1, is in
principle a constant for a given L, the line ( increases with
the (requency. It is also clear that this type of storage is the
one that is closest to that in which the atom is observed as a 'free
atom', Illowever secondary effects are always present which atfect

either the stability or the accuracy of a particular device.

- Other storage techniques.

There are other storage,techniques possihle like thosc used in ion
traps, in which the ion is kept in a region of space by altcrnating

electric ficlds.

Associated with storage the main cffects on frequency affecting

stability or accuracy can be, collisions with the buffer gas or the
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vessell wall, storage time (line ), electric and magnetic ticlds,
first and second order Donvler offects, The first order Noppler
effect 1s mostly a desion problom and 1s eenerally climinated

through a suitrhle experimental arrangement.

¢} Preparation of the cnsemble: Atoms are distributed amone the
energy lovels according to the Boltzmann distribution law., This means
that for termeraturcs ahove BOO(‘)K,WM:I'G the Irequency standards normal-
1y operate, all levels arce coually nopulated even {or energy differen-
ces corresponding to the microwave region. Ihis is of fundamental
importance for the following rcason. The detection of the resonunce
signal is done through the excitation of transitiors amone a pair of le-
vels, Tt is clear that 1t the levels are coually populated, the oxci-
tation of transiticens  has no ceffect on the nonulations themsclves us
well as on the excitation ticld itseld, Consequentlv no efflect is ob-
served, lovever 10 there s a difTerence of nopulation between the
levels, the excitation {icld mav cither be cnhanced or decreased, de-
pending on the sign of the nonulaticn difference.  On the other hand
the atomic distribution among the levels may be altered by the excita-
tion and this effect, in a beam lor cxamnle, may be detected through

proper technigques like the counting of narticles.

There are several rethods that can bhe used to alter the no-
pulation of the levels. \nong those, the most comron are spatial sclec-
tion through magnetic ficeld cradients (clectric Tield osradients in the

casce of molecules with clectric dincle moments) and onticul pumping,
Other mechanisms that con he used for state aolection ave also enin
exchange, chemical reaction, clectrenic collisions, temporal decav
from on state to another along a heam, However, they sre not used in
the traditional [requency standards as such, and will be mentiomncd at

the time of discussion of some narticular devices,




The process of preparation or state selection, has in some
cases profound influence on the frequency of the atomic enscmble, For
example we may mention light shifts in the case ol optical pumping and
crcation of magnetic field inhomogeneities in the system where spatial

state selectinn 1s done with magnets.

d) Interrogation of the ensemble: In order to know the actual ato-
mic resonance frequency,a signal at that freguency is used. Tn the
casc of masers, a signal is gencrated inside the device which in a sense,
interrogates itself. This is thc case of the H, Rb and NHz masers for
example. Lasers fall also in this class., Tt should be noted that in
all these cases the signal is affected by various effects inherent to
the process of emission in the resonance structure which is neccssary
to obtain maser action., This is the so-called cavity pulling effect

and it affects both accuracy and stability.

In the casc ol passive devices the interropation of the
cnsemble is done also at the resonance freauency. ‘The atomic resonance
signal, however, is observed through particular techniques which will
be discussed below. However, herc again the process of ensemble inter-
rogation has very profound effects on the resonance signal, Tt can
affect its frequency (stability or accuracy) through unsymmetrical in-
terrogating spectrum, power shift through an unsymmetrical resonance
linc, a phase shift associated with cavity construction in thc case of
separated interrogating regions and cavity pulling. The interrogating
signal used may also cause broadening of the linc which may decreusc
the ability to find its center and conscquently influence the accuracy
and stability of the system,

¢) Detection: In the case of masers, and some passive devices the

signal to be detected is in the microwave range and normally a




superheterodyne technique is used. Although very efficient and sensi-
tive, the technique adds noise to the sisnal and decrecases the obscrved
stability of the device. In nassive devices the population difference
of the particles having made a transition is monitored. These techni-
aues are also very efficient but, of course, noise Tlimits thelr sensqi-
tivity. Tn optically purmed devices, the noisce comes (rom the nhoto-
voltaic device itself or the detected light.  In some heam devices the
coumting of particles createsshol noise, Thus, detection in gencral is
plagued with the problem of noise inherent cither to the dotector it-
sclf or the signal being detected and it is a major subiject ol rescarch.
mprovements in noisc levels associated with detection means generally

Inprovements in short term stability,

Survey.

Traditional (requency standards.

Three atomic freauency standards have known a rathor inten-
sive development phase. Thoso are the M-drogen Maser, the Rubidium Gas
Cell Frequency Standard and the Cesium Benm Freauency Standard o Their

physicul characteristics are given in table T.

Hvdrogoen Maser: , 13

An cnergv level diagram of the 78, cround state of 11 s
shown in figure 4 along with a schomatic diagram showing the princinles
of operation ol the device. The maser onerites hetween levels T =1,

m-. =0 and T =0, n, =1, ‘omic hvdrogen 1= nroduced in a dissocia-

!
tor and sent through a selector (hexanole raonet) under the form of a
beam, Atoms in the unper state tond to focus on the avis of SVTIC TV

of the magnet while those in the lower states have a trajectorv which




diverges from the axis, Thus atoms in state F =1 und m. = 0 enter
the storage bulb which is coated internally with teflon and placed in-
side a high O cavity., %hen the flux is strong enough oscillation
takes place and the signal is observed with a small locp inside the ca-
vity coupled to a superhcterodyne recciver, Thus the preparation of the
states is a spatial selection, the storace is done in a coated cell and
the interrogation is done in a wicrowave cavity (self oscillation). The

detection of the signal is done with a superhcterodyne recciver.

The principal characteristics of such a device are its wn-
surpassed short, medium and long term stability. The spectral purity

of a typical Il maser is approximatly:

-25
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with a flicker floor probablv well below 10 2 1. Tts stability

o(r) in the time domain is shown in figure 7. The characteristics
oiven herc arc thosc of the maser itself. '‘he stability is limited by
tenperature fluctuations through cavity pulling, magnetic field [(luc-
tuations, cffects of load fluctuations on the cavity tuning and by the
low power output which 1imits the short term stabilitv. Tt is helie ved
that the flicker floor has not been observed yet. The accuracy of the
device is limited to about 2x 10“12 due to uncertainties in the wall
shift (16). The tuning accuracy through classical spin exchange
broadening is of the order of a few parts in 1014 (17). Other sccon-
dary effocts are also present, but they can he calculated or measured

to a precision that is not a limiting factor (18, 17).

The device is not available commercially hut is (abricated

in various institutions, rescarch laboratories and universities.
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A diagram  showing the orinciples of coacrvation of the

cesiun beam [recuency standurd is shosm in Flonre § oalone with an ener-
[ NN o S N R

v o Tevel diacram of the ator,

acty oas the storase recion,
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then a c¢ritical function of the anpiied. iomal ohscerved

is alse shown in figure 5. “he aprlication o v. 7. radiation at fwo

soparate nterrogation wepions alle-s o considerable reduction in line

width,  Ids in fuct o fimction of the distance L hetween the twe
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arms of the ity Loz 0 oo, where Ty s fthe nost nrohable

velocity,

The cosium hearm tube, (5 a Trequency discriminator ar
miust be incorporated in an olectronic sorvo svstem vhich locks a ¢rrs-

tal oscillator to the resonance 1ine,  The znocteal murd vool o tvnoi-

- = -

cal laboratory frecucncy standard is siven
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Tts stability o(r) in the time domain is given in Tlgure 7. In the
short term region the stability iz limited bv shot noise at the dotec-

tor, In laboratory devices, a4 {licker Tloor is observed at a ievel of
] . . , ) i3
the order of 10 or lower. Tthe accuracy is ahout 1 ox 10 *7  4n

long laboratory models and is Jimited by maonetic {1eld, cavity phase

shift and Znd order Doppler effocts,




The cesium beam freaucncy standard exists as a primary

standard in scveral laboratorics and small units are avallable commer-
cially.

Rubidium vapor frequency standard: (24, 25, 20, 27, 28, Z9)

Figure 6 shows a diagram of the passive, onti-
cally pumped, rubidium 87 frequency standard (optical package). The
basic principles are the following. Light from a rubidium 87 lamp is
Filtered by a so called hynerfine filter made of an ampoule containing
rubidium 85 and a buffer gas such as argon. This arrangement shapes the
spectrum of the light in such a way that a population inversion 1s ob-
tained in the cell which follows and which contains rubidium 87 and a
buffer gas., This cell becomes transparent through this optical pumping
cffect. If it is exposcd to radiation at the proper frequency, corrcs-
ponding to that which is necessary to excite transitions between the

states T = 3 0 and T = 2, me =0 of the ground state, this

, Mg =
same ¢cll becomes opaque again and this effect can be detected through
a decreasc in light intensity reaching the silicon solar cell detector.
Thus, in this present case, storage is done in a cell with a huffer gas,
interrogation is done in the samc region, preparation 1s accomplished
through optical pumping and the detection of the sienal is donc with

a solar cell.
This optical package is used as a freauency discrimator to

lock a crvstal oscillator to thc resonance frequency. The spectral

purity of the system 1s typically

5,(D) = 10‘26/:5 +5 5 10773 (5)

22




and 1ts stability in the time domain is shown in figurc 7. The princi-

pal factors limiting its stability are magnetic [ield, 2nd order Doppler
effects, huffer gas and light shifts. All these cffects mav varv in

time depending on the cnvironmental conditions. Furthormore, there is
gencrally a drift associated with the absorption cell which can be due
to a reaction ol rubidiwm with the nlass of the enclosurc. The accu-
vacy ol this device is not competitive with the two »revious standards,

mainly hecause of the very large buffer sas shift  -resent,

The rubidium vapor frequency standard is available cormer-

¢1ally under various models,

Other well documented frequency standards.

the physical chavacteriztics of zome other well documented
frequency standards arve swmarized in table

-

DN _maser: (30, 31)
In this maser the storage is accomplished through a single
passage of a beam in a microwave cavity. The preparation is spatial
electrostatic deflection. Tuterrogation is,as in the hvdrogen masecr,
in a cavity,and the detection is done with a superhceterodvne rveceiver,
The short ‘interaction time limits the stabilitv of the maser to about
5 x 10"11 (cavity nulling). The accuracy is Timited ta the =ame valuc
by collisions between molecules in the beam (321, “he amonia maser has
played a verv important role in the historv ol the development of pre-

sently available frequency standards.

. . . 85 87
Mlasers using either of the two isotopes Rb°7 or Rh°
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have been rcalized. Vigure 8 is a block diagram ol a Rb87 maser., ‘lhe
principles of opevation arc the same #s in the passive Rh ¢as cell, but
the cavity is desioned to have a very high quality factor and sclfl
oscillation is obtained. Thus the storage is donc in a cell with a
buffer eas, the prevaration is done through optical pumping, the
interrogation 1s made in  a microwave cavity (sell oscillation), and
the detection is done with a superhetcrodyne vcceiver. The main advan-
tage of the rubidium maser is its small size and its unsurpassed short
term stability. Iowever its long term stability is limited by cavity
pulling cffects and by the same factors as in the passive rubidium gas
cell.,  The short term stability in present devices, is described by

s(z) = 1 % 10 % 7h,

and it 1s not heclieved that the (licker floor has been observed vet.

Te heam: (38, 3¢, 10, 41)

This device works cssentially in the same way as the Cs
heam tube, the only difference being the atom used and the {requency
involved. The main problem in its realization has been a detection

problem. The advantage over Cs would be a low magnetic field sensiti-

vity. No work is presently being done on the device.

Rb87 beam: (42, 43)

The implementation that has been studied in some detail is
shown in figure 9, Here the only difference from the cesium beam is
the method of preparation and of detection. ‘'this is done through op-
tical pumping. One advantagc of this mcthod over the magnetic selection
could be the realization of a hetter homogeneity of velocities

accross the beam. This could make cavity phase shift evaluation more
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Proposed atomic frequency standards.

Several other atomic frequency standards have been proposed,

Their principal phyvsical characteristics are shown in table 3.

This device works on the same principles as the Rb maser,
Tigurc 8 in which rubidium is replaced by cesium apnlies in principle.
The main advantage would be its good short term stability due to its cox-

pected high power output.

These devices work on  the same principles as the (s and
Te  beam tubes. It is not evident that there arc definite, theoriti-

cal or practical advantages in the proposed devices.

Cs_cell_(optically pumped) (58, 59, 60, 61)

This device works on the same principles as the Rb passive
oas cell., The main advantage would lie in the weak interaction of Cs
with glass, probably improving long term stability. However a bulky
hyperfine filter must be used to filter the light for efficient onti-~

cal pumping.

o i o o e R P e e et P )

This proposal is based on temporal state sclection in a
beam. Magnesium and calcium show a metastable 3? level with finc
structure. The 3P states are populated through electron collisions
and a beam is formed. The 3P1 level then decay to the ground state

by emitting visible light with a lifetime ol the order of 1 ms. A
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submillimeter wavelenght radiation exciting the transition 3P to
2 o

3.Pl, for instance, replenishes the 3P_llcvel. Its decav to the'gTOUnd
state gives an added emission of ]ighf which allows the Jetection of
the transition. The main advantase would reside in a very high line 0,
due to the long Tifetime involved and the high froauency of the transi-
tion, lMajor problems reside in the generation of the submillimetre

wave for interrogating the resonance.

lon storage (65, 66, 67, 08, 69, 88)

This device is based on the storage of ions in a trap
formed by non uniform alternating clectric [ields without the need
of any applied magnetic ficld. The stored ions do not collide with
any surfaces and storage times longer than several hours have heen ro-
ported for sufficiently low hackeround pressures. Lf the stored {ions
possess a hyperfine structure, one could then think of state preparva-
tion, interrogation and detecction in the same wav as in conventional
passive frequency standards, The hvperfine splitting of jHo+-ha5 heen
precisely measured and the sources of frequency offsets analysed (63).
However light ions have a large second ovder Noppler freaucncy shift

and are not suited for freauency standard apnlications., Hemn ions

such as mercury appeas to be more convenient.,  The hmerfine spl itting
- 199 + } _ . . . L. =10
of He has been observed with o fractional lincwidth of 2 x 10 1

and has been nreciscly measured, This result is attractive for fre-
quency standards anplication. The nrroposed scheme brdetection of the
resonance 1s similar to vhat is used in the passive onticallv pummed
standard. Tight from a ZOZHQ * lamm is selectively absorbed by one of
the hyperfine components of the ]QHHQ‘ toins.  The hvperfine transition
at 40.5 Gllz is thus detected by the change in the intensity of the ro-
sonance fluorescence. One main difficulty in this technique resides
in the low signal to noisc ratio available due to the low ion density

at which the trap operatcs.
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H beam storage (70, 71)

e iy e W

The basic idea behind the operation of this device is the
same as in the operation of the hydrogen maser, cxcept that it 1s one-
rated in the passive mode. A microwave sipgnal 15 used to interrogate
the atoms stored in a ceated bulb and the etfect of the atomic transi-
tions on the interrogation signal is used to lock a crvstal oscillator
to the atomic resonance. In one version, the modulation technique uscd
is one in which the intensity of the beum is altcered. Otherwise the
system works in a way similar to nassive frequency standards, The main
advantace is the reduction of the offect of cavity nulling threough the
possibitity of using very low O cavities since the oscillation condi-
tion does not necd to be satisfied. lowever the wall shift nroblems

remains and should be the nrincipal Timit to the accuracy of the device,

N1 _absorption_cell (72, 73)

This is one of the simplest versions of an atomic frequency
standard and is based on onc of the oldest ideas. The storage 1s done
in a ccll and the full Doppler broadened absorntion line is intervoga-
ted. The states are not prepared and for the ahsorption, one relies
on the Maxwell Boltzman distribution law of the ponulations amone the
levels. The microwave absorption is detected through standard techni-
gques and a crystal oscillator is locked to the atomic resonance signal,

J _(' - - - -
The accuracy is low (~10 J) and the stability is given hv

1

O(T) = x 10"‘10_[‘“-_3 ’

with a flicker floor in the 1OFLO range., The main purposc 1s the rea-

lization of a small, ruggcd, fast warm up device.
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stability mentionned here is not common laboratory practice. Care
should be taken in the transfer of this kind of stability to quartz
crystal oscillators. It appears that one must be extremely cautious
about time varying phase shifts being generated in the detection com-
ponents. Howcver it is not unlikely that through better cavity design
and magnetic shielding and through improved detection systems a flicker

-15

[loor below the 10 level would be ohserved. The laboratory Cs bean

tube has reached a level of flicker floor of the order of 7 x 10_14.
Tn the short term repion, better stability could be achicved with more

intense beams but this could affcct the lifetime of the device.

The accuracy of the hydrogen maser is still limited at the
time of writing by the wall shift, to about 2 x 10“12. This 1s two
orders of magnitude worse than any other uncertainties related, for
exemple, to the magnetic field determination or cavity tuning, Tt 1s
not possible at this time to tell exactly what kind of improvement we
can hope for. lHowever there is intensive work being done on wall coa-
tings and bulbs with variable geometries. It appears that operation at
a temperature close to the point where the wall shift goes to zero may
be a proper avenue of research. The accuracy of the laboratory cesium
beam device has passed the 10_13 level. The main uncertainties are
originating in the magnetic field and the cavity phasc shifts. One
problem lies on the non-uniform distribution of velocities across
the beam, 71his makes the actual evaluation of thc cavity phase shift
difficult. Tt is possible that through homogeneous state preparation
a hetter evaluation of the cavity phase shift could be donc. DPeople
working in this field believe that an accuracy of 1 x 10_14 can cffec-
tively be achieved. These comments are sunmarized in table 4 along
with some projections on the rubidium gas cell device. The numbers in
circles are the author's evaluation of the possibility that the projec-

tion will be realized, 0 meaning no confidence at all and 5 meaning
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certainty. This evaluation is based on many intanpgible factors and is

centirely subjective,

Weight and size: The hydrogen maser has heen reduced considerahly in
size during the last several years and it appears that further reduc-
tion could be realized by using cavities in the TE111 mode (80). Pre-
sent state of the art masers occupy a volume of the order of 100 liters
and weigh 45 kg. In the case of commercial cesium beam frequency stan-
dards it appears that further prosress in size and weight could be
gained through a reduction in size of the tube but with a parallel de-
gradation in stabilityv and accuracy, On the other hand it annears that
further improvements arc possiblc in the lield of nassive rubidium fre-
quency standards. ‘The ontical nackage is gaining more and more in sim-
nlicity and the use of integrated circuits and modern technology has
made possible real gain in size. At present, units 2 liters in volume

and weighing 2 kg are available commercially,

Other devices.

The other devices or techniques which appear most promising
are the hyvdrogen beam device, the ion storage technique, the magnesium
beam device and atomic beam stabilized lasers using optical Rumsev reso-
nance techniques. The hvdrogen beam storage techniocue has proven to bhe
feasable and revorts on its stabilitv are most cncouraging,  The tech-
nique will also allow an easier determination of the wall shift than
in an actual maser. The ion storage technique has made some nrooress
but it appears that serious nrobhlems arc still encountered at the S/N
level. hork is in progress to solve this nroblem (81:. In the case
ol the magnesium heam proposal, the problem of cencrating an interro-

gating signal at the resonance frequency appears to be important. Ho-

wever cofforts are being made with infrared lasers in this direction and we
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Figure 1.

Figure

Figurc

Figure

Ficure

CAP'ITONS

The two basic versiens of atomic frequency standards,  The
continuous paths apply to the nassive mode, while the dotted

paths apply to the active mode,

Block diagram of the phase lock loop commonly used to

a crystal oscillator to a maser signal,

Block diagram of the frequency lock loop normally used to

lock a crystal oscillator to the atomic resonance line.

Schematic diagram of a hvdrooen maser.

Schematic diaeram of the cesium beam tube used in nassive
cesium frequency stundards and using the separated Ramsey

cavity technique,

Schematic diagram of the ontical nackase used in the passive
rubidium 87 frequency standard.  Tn some practical devices
the isotopic filter is removed and natural rubidium is used
im the storage cell, THxtures of isotones can he used in

the lamp to reduce the 1ight shift.




Figurc 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Time domain frequency stability of the three traditional fre-
quency standards: H maser, Cs beam frequency standard and
passive Rb gas cell. The stability of the methane stahilized

laser is also shown (or comparisorn.

Schematic diagram of the optical package of the Rb maser.
This is similar to the diagram of figurc 6 except for the
detection of the recsonance signal. Illere the cavity Q 1is
high enough to permit oscillation and the signal is detected

with a superheterodyne rcceiver,

Passive rubidium heam frequency standard using optical pum-

ping for state sclection and detection.
Schematic diagram of a saturated absorption stabilized laser.
Basic concepts used in the stabilization of a laser with an

atomic beam., (One version is shown and several other imple-

mentations can be thought of.)
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should cxpect results soon (82). Tinally the two photon absorption
technique coupled with the separated Ramsey interrogation technique
appears to be extremely promising, In fact a line O of the order of
1012 is projected and appears realistic (83). These projections are
sumarized in table 5 along with projections on some other devices

which were examined in this paper.

TFrequency synthesis.

As was mentioned earlier, stabilized lasers form a class
by themselves which has no casy connectionwith the traditional frequen-
cy standards such as the (s beam frequency standards. Until reliable
synthesig un to the frequencies encountercd in the laser stabilization
field, becomes a common laboratory technique, a gap will exist between
the traditional standards and the stahilized lasers, and thesc last
devices will have limited use. lowcver research on this subject is being
done in some laboratories. (84, 85). Prescntly it 1s nossible through
the usc of several lasers and point contact metal diodes, to mix up and
synthesize frequencies up to a corresponding wavelenght of 1.5 u. (86)
However, this still remains somewhat of an art and intensive work is

required in this direction if substantial results are wanted.
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