Properties of the Hydrogen Maser
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Properties of the hydrogen maser and details of the apparatus are discussed. Experimental work is
described which yields a new value for the hyperfine separation of hydrogen in its ground state. The

result is

Av = 1,420,405,762 == 4 cps.

This result is based on a value of the hyperfine separation in Cs!33 which is taken to be

. Introduction

Amplification through the use of stimulated emission
was first accomplished with the 3-3 line in ammonia,
using a molecular beam technique to give the required
state inversion.! Since then a great many devices
utilizing numerous resonance systems and a variety of
inversion techniques have been successfully operated.
Until recently, however, perhaps the simplest possible
resonance system—the ground state of a free atom—
was not utilized. This is because the magnetic
dipole transition, the only transition possible in the
ground state of a free atom, has radiation matrix ele-
ments which are characterized by the Bohr magneton,
ro, approximately one hundred times smaller than we,
the electric dipole moment characteristic of molecular
transitions. To compensate for the small size of the
moment either the beam flux must be increased by
approximately (ue/mo)?, a prohibitive factor of 10%,
or the time in which the atom interacts with the
field must be increased by (ue/mo). The latter possi-
bility has been achieved recently by the use of the
“storage box” technique in which the atoms are
constrained to move within the volume of the storage
box by collisions with the walls.23 In this sense the
atoms are not strictly “free,” for they experience large
forces during the time of a collision. However, if the
time of the collision is very short, and if the forces do
not seriously upset the spacing of the energy levels of
interest, the atom is indeed very close to being entirely
free. This has turned out to be the case for atomic
hydrogen with suitably inert wall surfaces, and it has
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Ax(Cs13) = 9,192,631,840 cps.

enabled the operation of a maser oscillator utilizing the
(F =1, mgp = 0) > (F = 0, mp = 0) hyperfine transi-
tion in hydrogen. This article summarizes some of the
features of the hydrogen maser and describes experi-
mental work which has led to a new value for the
hyperfine separation in hydrogen. A more complete
discussion of the maser’s theoretical properties is
being prepared for publication elsewhere.* One of
the authors has presented an unpublished account of
the experimental work which is described here.?

Il. Analysis of the Maser Oscillator

The operation of a beam type maser has been
analyzed by Shimoda et al.® and with a few modifications
their results can be applied to the hydrogen maser.
An important difference between a conventional beam
maser and the hydrogen maser is that in the former the
time spent in the rf field is characterized by the fixed
path length each molecule travels across the cavity
and a velocity which may either be considered fixed
(as in ref. 6) or is given by a modified Maxwellian
distribution, while in the latter the time is described by
an exponential distribution function with a decay time
equal to the mean time necessary for an atom to
effuse from the box. Another important difference
is due to the effeet of wall collisions on the resonance
states in the hydrogen maser, but this will be neglected
initially.

The familiar energy level diagram for the ground
state of hydrogen is shown in Fig. 1. The transition of
interest, (F = 1, m, = 0) = (F = 0, mp = 0), occurs
at a frequency Av = 1420 Me/s approximately. A
schematic diagram of the apparatus is shown in Tig. 2.
Atoms from the source pass through the state selector
which deflects toward the axis those in the (F = 1,
mr = 1) and (FF = 1, mr = 0) states. The beam is
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Fig. 1. IEnergy levels of hydrogen in its ground state.

focused on the aperture of the storage bulb, which is
located in a microwave cavity tuned to the transition
frequency. If the density and lifetime of atoms in the
(I = 1, my = 0) state are great enough, oscillation
due to stimulated emission occurs and a signal at the
resonance frequency is detected by means of a small
coupling loop in the cavity.

A. Threshold for Oscillation

The minimum flux necessary for oscillation, Iin, is
given! by

h V 1

T = — 2 ———
7 8a? Q n(uoTh)?

(1)
where @ is the loaded quality factor of the cavity,
T, is the mean radiation lifetime of an atom in the
cavity, V is the volume of the cavity, wo is the Bohr
magneton, and » is a geometrical factor depending on
the distribution of rf magnetic field in the cavity.
Typically, n = 3.

For an order of magnitude estimate of the threshold
flux we may take the following values: V = 10 em?,
Q@ =3 X104 T = 10—t sec. The result is Ien = 102
pDS.
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B. Noise in the Maser

The ultimate stability of the maser oscillator is gov-
erned by the influence of thermodynamic noise on the
oscillation. If the maser is observed for a time ¢,
the relative fluctuation in frequency which is observed
due to noise is given* by

<5,2>1lz 1 i @
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(2)

Here P is the power delivered to the cavity by the beam
(P = !/,hv approximately in a typical case). The
quality factor for the resonance is defined by Q; = »/évr,
where ov;, the resonance width of the transition, is
given by d». = («T:)~'. This expression takes into
account the effect of atomic amplification of the noise.
With T: = 0.3 sec, I = 3 X 10'? pps, and an observation
time of 1 sec, we have (5v2)"?/y = 4 X 10~5. The
spectral purity of the maser is consequently very high.
However, its long term stability in practice depends
upon how well external influences can be controlled,
some of which will be discussed below.

C. Limitations to Radiative Lifetime

The fundamental limit to the radiative lifetime of
atoms in a given bulb is due to the rate at which atoms
escape from the bulb. The characteristic time for
this, Th. is the mean time an atom spends in the
storage bulb before effusing from the bulb aperture.
This time may readily be determined from the geometry
of the bulb. If the total volume of the bulb is Vi,
and if the total escape area is A., then it can be shown
that T = 4V/(A0), where 7 is the mean velocity.
As an example, a bulb 15 cm diam with a 2 mm diam
aperture yields a lifetime 7, = 0.8 sec. There are,
however, a variety of other effects which may relax the
radiative state of an atom before it escapes from the
bulb. Among the more important of the processes
are:
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Fig. 2. Schematic diagram of hydrogen maser.
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Collzsions with the Walls

So far the effect of surface collisions has been neg-
lected. The collisions can both cause a shift in the
resonance frequency and broaden the resonance line.
The two effects are related and can be deseribed in
terms of the parameter ¢, the phase shift introduced
into the wave function by a single wall collision.?
It is shown in ref. 3 that the atom will lose its coherence
with the radiation field after a number of collisions
n =~ 2/¢% If the mean time between collisions is
f, then the time for relaxation due to wall collisions
is Tw = 2ty/0% As will be described below, ¢ may be
determined from measurements of frequency shifts
in the maser. This has so far only yielded an upper
limit to ¢ given by ¢ < 8 X 10—* rad/collision, cor-
responding to 7% = 100 sec. This is extremely large,
and due to the reciprocal fashion in which relaxation
times add up, may be neglected.

Spin Exchange Collisions

If all the hydrogen atoms in the cavity were in a pure
state their radiation properties would be unaffected by
collisions with each other. However, because of the
presence of atoms in the (FF = 1, mp = 1) state, and
because atoms in the radiation state have different
life histories in the cavity, a collision between two
hydrogen atoms will in general cause a change in the
wave function of each. The most important collision
process is that of spin exchange. This process has
been considered in some detail by Wittke and Dicke.”
Wittke and Dicke estimate that the relaxation time for
spin exchange is related to the density of hydrogen
atoms, N, by

se = 109/N sec.

For a flux of 10'? pps, and a bulb volume of 10% cm?
this corresponds to a lifetime of 1 sec. Spin exchange
does not place a fundamental limit on the stability of
the maser, however, since if oscillation is once achieved
and if no other relaxation mechanisms are important,
decreasing the flux increases the radiative lifetime in
inverse proportion. There is a proportional decrease
in power but, as indicated in Eq. (2), (&»)7*/»
depends linearly on the lifetime but only on the square
root, of the emitted power, so the net effect of decreasing
the flux is to increase the stability.

Motion through Inhomogeneous Magnetic Fields

If there is an inhomogeneous magnetic field in the re-
gion of the bulb, an atom, by virtue of its motion,
experiences a field which varies randomly in time.
Components of the varying field occurring at Aw
are negligible. However, there may be appreciable
intensity at the Zeeman {frequency, indicated by
v, in Fig. 1. Decay of the (F = 1, mp = 0) state
by either of the Zeeman transitions limits the radiation

lifetime of the atom. In the absence of all other relaxa-
tion processes this mechanism can be characterized by
the relaxation time T'y. There are two extreme condi-
tions, corresponding to the Zeeman frequency being
either large or small compared to the collision frequency
of the atom with the walls. It is usually desirable to
run the maser in a low magnetic field in which case the
latter condition holds. The relaxation time is then
related to the rms field inhomogeneity, (H,?), by*

Ty = 3/(4v*H 2)7).

Here v is the gyromagnetic ratio for the (¥ = 1) state,
1.4 Mc/s per gauss, and 7 is a correlation time which
may be taken as %, approximately 3 X 10— sec. If
(H2)"* is 0.1 milligauss the radiation lifetime is 3
sec. Although lifetimes this long have not been ob-
served so far, it appears possible to achieve fields of
this homogeneity in the laboratory by the use of
suitable shields. It is evident, nevertheless, that the
requirements for uniformity of the magnetic field are
severe.

lll. Frequency Perturbations
A. Wall Collisions

During the time of collision with the wall the energy
levels of the hydrogen atom may be seriously perturbed
and this will be reflected in a shift in the resonance
frequency of the transition, since the resonance fre-
quency depends on the average energy separation.
The frequency shift, 6», is related to the phase shift
per collision, ¢, by?®

8v = o/(27ty).

It is apparent that the shift depends on the collision
rate within the bulb and will reveal itself as a systematic
shift in frequency with size of the storage bulb. A
search with bulbs treated with dimethyldichlorosilane,
the wall coating used in the experimental work described
here, has failed to reveal any such shift, which implies
an upper limit for the shift in a 16.5 cm diam bulb,
Iaul < 4 cps = 3 X 10~%y». A lower limit may be
obtained from the measured frequency shift of the
hyperfine resonance in hydrogen caused by collisions
of hydrogen atoms with molecular hydrogen in a buffer
gas.® If the pressure shift in ref. 8 is extrapolated
to the collision rate characteristic of the maser the fre-
quency shift is found to be §» > 2 X 107!*Ay and this
may be taken as a lower limit. The reproducibility
and stability of a given surface are of fundamental
importance to the operation of a maser, but as yet
there is no information on these points.

B. Doppler Shift

The effects of the first order Doppler shift are
suppressed in the hydrogen maser because the effective
average velocity of the hydrogen is very low due to its
confinement in the storage bulb. The second order
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Doppler shift is unavoidable, and because of the small
mass of the hydrogen atom, it is fairly sizable. The
frequency shift is given by

172
2 ¢t

&

Svp = Av

3kT
2me?

= (1.4 X 1078BT)A»

where T is the temperature in °C. If the second order
Doppler shift is the limiting perturbation it may be
reduced by a factor of 3 by using tritium instead of
hydrogen.

C. Cavity Pulling

If the cavity is mistuned from the resonance by an
amount &y, then the oscillator frequency will be dis-
placed by an amount §v = dv.(Q./Q.). Since the shift
decreases with increasing @; it does not become rel-
atively any more significant as the lifetime increases.
This expression is not exact for the case of a conven-
tional beam maser, but must be multiplied by a slowly
varying function of the power level. In the case of an
exponential distribution for radiation lifetime, how-
ever, the pulling effect is independent of the power
level.

D. Other Effects

Because of the lack of structure of the resonance line
and the symmetry of the (F = 1, mp = 1) and (F = 1,
mp = —1) states, a number of perturbations which
affect a molecular maser are either absent or very
small in the case of the hydrogen maser.

IV. Apparatus

A. Wall Coating

The storage bulbs which were used in the present
experiments were treated with dimethyldichlorosilane
(General Electric “Dri-Film,” SC-02). This com-
pound was used by Wittke and Dicke’ to prevent
surface recombination of atomic hydrogen, and has
been used to prevent hyperfine relaxation of alkalis in
optical pumping experiments.® The surface is treated
either by placing a few drops of the liquid in a care-
fully cleaned bulb and letting the vapor interact with
the walls, or by flowing the vapor through the bulb in an
inert carrier gas.

B. Source

The machine used for the present experiments has a
Wood’s discharge source. However, an rf discharge
appears to work equally satisfactorily, and has the
advantages of smaller volume and much less power
dissipation. Some of the relevant characteristics of rf

58 APPLIED OPTICS / Vol. 1, No. 1 / January 1962

source are: hydrogen prsesure, 0.3 mm Hg; discharge
tube size, 9 mm i.d. and 11 mm o.d.; exit orifice,
0.8 mm diam; frequency, 14 Mec/s; coupling, electric;
electrodes, external, 8 cm separation; power, about 30

watts.

C. State Selector

State selection is accomplished by means of a hexa-
polar magnetic field. Both electromagnets and per-
manent magnets have been used. The latter seems
more satisfactory and is much simpler in construction.
A magnet similar to the design of Christenson and
Hamilton,® but with slightly larger poles, yields a
maximum field at the pole tips of 9900 gauss. The
gap is 3 mm diam and 7.5 ecm long. The calculated
solid angle for the desired state, assuming a 2 mm
image diameter, is 3 X 105 ster.

D. Electronics

The present measurements were made completely in
terms of a National Company Atomichron which is
located in the laboratory of J. A. Pierce. The fre-
quency measuring system 1s indicated in Fig. 3. Aux-
iliary apparatus for tuning the cavity, and for measur-
ing the radiation lifetime by a transient technique, are
not shown.
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Fig. 3. TFrequency measuring system.

E. Magnetic Field

The measurements described here were all carried
out with the maser cavity surrounded by three orthog-
onal pairs of correction coils which served to cancel
most of the earth’s magnetic field. However, the
combination of inhomogeneities imposed by the
coils and residual inhomogeneities in the laboratory
prevented oscillation at fields below 60 mgauss, and
most measurements were taken at 80 mgauss. Fluctua-~
tions in the magnetic field due to activity of a nearby
subway during the day were large enough to require
measurements to be taken late at night.



The magnetic field was measured by a double
resonance technique in which a signal at the Zeeman
frequency is applied to the maser by means of an
external coil while the oscillation level is measured.
The effect of the low frequency signal is to mix the
Zeeman states, thereby reducing the radiative life-
time of atoms in the (F = 1, m, = 0) state, with a
consequent diminution in radiated power. The line
width of the Zeeman resonance was typically 2 ke/s.

F. Cavity

A cylindrical cavity operating in the TEy; mode was
used. The unloaded @ of the cavity is approximately
53,000. Tuning is accomplished by a sliding end plate,
and a fine tuning plunger. The resonant frequency
could be measured to 250 cps by monitoring the
absorption curve, using a phase-locked oscillator as the
signal source.

V. Experimental Procedure

The routine followed in measurements of the hyper-
fine frequency of hydrogen was as follows: the cavity
resonance frequency and loaded @ were first measured.
This was followed by a Zeeman frequency measure-
ment as described in Section IV, E. A series of ten
measurements of the 5.7 ke/s beat frequency between
the maser and the Atomichron were then made with a
frequency counter, each measurement taking 10 sec
and having an uncertainty due to the counter of *0.1
cps. Zeeman measurements alternated with hyper-
fine measurements for six such sequences. The run
was completed by remeasurement of the cavity res-
onance frequency.

The large number of measurements was necessary in
order to average out a short term fluctuation in the
Atomichron which was adjusted for long term stability
and consequently has an underdamped servo loop.
Measurements taken with a second Atomichron which
was properly adjusted for short term stability con-
sistently gave readings differing only by the inherent
counting error. However, since the first Atomichron
was monitored against other standards all the data
were taken with it as the standard.

The radiative lifetime in all the measurements was
approximately 0.3 sec.

VI. Results

A total of 25 runs was made with two bulbs, one
16.5 ecm diam and the other 11.4 em diam. The
results are shown in Fig. 4. The following corrections
were made to the data: ’

Magnetic field. The field present, about 80 mgauss,
shifts the resonance frequency about 18 cps. The
Zeeman frequency could be determined to an accuracy
of 100 cps, and the consequent uncertainty introduced
by this into the final result is 0.03 cps.
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Fig. 4. Experimental results with two different size bulbs (un-
corrected for second order Doppler shift).

Cavity pulling. The cavity was always tuned to
within 1.5 ke/s of the hyperfine frequency, and the
correction for pulling was at most 0.05 cps. The
uncertainty of 300 cps in the cavity resonance fre-
quency corresponds to an uncertainty of 0.01 cps in the
cavity pulling correction.

In addition, a correction of —0.06 cps, due to the
second order Doppler shift, was made to the final
results (not indicated in Fig. 4). With this correction,
the results for the two bulbs are:

16.5 cm diam bulb Ay = 1,420,405,761.78 == 0.7 cps.

11.4 ¢cm diam bulb Av

1,420,405,762.11 == 0.4 cps.

These frequencies are in terms of the cesium hyper-
fine frequency which is taken as Aves = 9,192,631,840
cps. There is no apparent systematic shift in fre-
quency between the bulbs. However, the deviations
among individual runs are much larger than can be
explained by the uncertainties mentioned above.
The cause for these deviations was not determined.
However, if the difference between the two results is
assumed to be due entirely to a wall shift then the
phase shift per collision is found to be ¢ = +1.9 X 10~*
rad/collision. This corresponds to a frequency shift
év = 0.8 cps for the larger bulb. If the extreme
frequency difference between the two bulbs is used to
determine maximum possible limits to the wall shift
the result is || < 8 X 10~* rad/collision, or lov] < 4
cps. This latter figure will be taken to be the max-
imum uncertainty in the final result, which is

Ay = 1,420,405,762 = 4 cps.
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Alfhough this is slightly higher than the published value
of Anderson and Pipkin,®

Av = 1,420,405,726 =+ 30 cps,

it is in close agreement with the more recent un-
published value of Lambert and Pipkin!?

Ay = 1,420,405,748 £ 7 cps,

and falls within the limits of measurements by Wittke
and Dicke” and Kusch.!?
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