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large coils and 1.3 in 106 from the small coils. This
estimate is not ungenerous, because as the errors are
likely to be in the same sense they should afford

partial compepsation.
Tab. 2 lists all the known errors exceeding 1 or 2

in 107.
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Abstract

The atomic hydrogen maser is described. In this
device hydrogen atoms in the upper hyperfine state
are focused onto the entrance aperture of a teflon
coated quartz bulb in which the atoms are stored for
about a second. This bulb is surrounded by a cylin-
drical radiofrequency cavity. When the cavity is
tuned to the hyperfine frequency of atomic hydrogen,
maser radiation is produced. Due to the large line Q
resulting from the long storage time, the radiation is
highly stable in frequency. Results are given of
theoretical calculations on the threshold flux of
atoms required for maser oscillations, on the various
relaxation processes that limit the effective storage
time, and on the possible sources of frequency shifts of
the maser. Results are given on the relative stability of
two hydrogen masers. Measurements of the atomic
hyperfine frequency of atomic hydrogen and deuterium
give ilH = 1,420,405,751.800 ::t: 0.028 cps and ilD =

327,384,352.5 ::t: 1.0 cps on the A.1 time scale with
il cs = 9,192,631,770.0 cps. The method by which the

deuterium has been measured depends upon the
effect of a deuterium magnetic resonance transition
upon the intensity of the hydrogen maser oscillation
amplitude when a mixture of hydrogen and deuterium
is used. This method should be capable of extension to
a number of different atoms. The hydrogen maser
apparatus has been used to measure the spin exchange
collision cross section between atomic hydrogen and a
number of different gases. Results of some of these
measurements are reported. Measurements of the
dependence of the hydrogen hyperfine frequency
upon a strong externally applied electrostatic field are

given.

Metrologia

I. Introduction

Most attempts to observe radiofrequency or
microwave spectral lines with high precision incorpo-
rate one or more of the following features; (a) obser-
vation of the resonance over a relatively long period of
time in order to obtain a narrow resonance line; (b) ob-
servation of a spectral line which is as pure as possible
so that there is no broadening due to different com-
ponents of the line or to the environ;rnent of the atom
or molecule concerned; (c) a technique for eliminating,
or at least greatly reducing, the first order Doppler
shift; and (d) a means for obtaining a favorable signal-
to-noise ratio such as is provided in the low-noise
amplification which characterizes a maser oscillator .
Although most high-precision radiofrequency and
microwave experiments depend upon one or more of
the above characteristics, none of them in the past
has attained high quality in all of these features in a
single method.

The hydrogen maser experiments described in the
present paper originated in an effort to obtain a
single device which was highly favorable in all of these
features. Historically, the experiments were an out-
growth of the writer's previously described suscessive
oscillatory field technique [1] and of the atomic beam
experiments with stored atoms [2 -4] at Harvard
University. The hydrogen maser also incorporates
features of the ammonia beam maser developed by
Townes and his associates [5,6]. The experiments are
also related to the buffer gas experiments of Dicke
[7,8] and others although no buffer gas is used in
maser. It is also related to the proposed relaxation
experiments analyzed ~heoretically by BABB [8a].
A preliminary report on the hydrogen maser has been
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published [4, 9 -12] and a detailed analysis of the
theory. of the hydrogen maser has been given [ 13] o The
hydrogen maser research at Harvard has been carried
on in cooperation with Do KLEPPNER, Ho ROBINSON ,
Ho Mo GOLDENBERG, No FORTSON, Ho BERG, Eo REcK-
NAGEL, and So CRAMPTON o

fiance line is narrow: (b) the hydrogen atom spends
most of its time in free space where it has a simple

unperturbed hyperfine spectrum and the effects of
wall collisions are small due to the low electric polari-
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II. The hydrogen maser

The hydrogen maser consists of the apparatus
shown schematically in Fig. 1. Atomic hydrogen from
radiofrequency discharge in the source passes through
the inhomogeneous state selecting magnetic field from a
6-pole permanent magnet, as shown in Fig.2. This
field focuses atoms in the [F= 1, m= 0] and [F= 1,
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Fig. 3. Energy levels for hyperfine structure of atomic hydrogen in its
electronic ground state 12S,{,. The electron and proton spins are parallel
for the F ~ 1 state and antiparallel for F ~ 0. The indieated Zeeman
splitting corresponds to the external magnetic field being increased toward

the right of th" ftgnre.

m = 1] states onto an aperture in a Teflon coated

quartz bulb. The energy levels for atomic hydrogen are
shown in Fig. 3. The quartz bulb is located in the
center of a cylindrical radiofrequency cavity, operating
in the TEo11 mode, which is tuned to the [F= 1, m=O]
-[F= 0, m= 0] hyperfine transition frequency at
approximately 1420.405 Mcfsec. The atoms make

zability of atomic hydrogen and the wall material :
( c ) the effect of the first-order Doppler shift is greatly
reduced by the fact that the velocity of the atom in the
bulb, when suitably averaged, is close to zero: and
(d) the ability of the device to operate as a self-
excited maser oscillator provides the advantages of
low noise amplification which characterizes masers.

Fig. 2. Six pole permanent m(\gnet

Fig. 4. Photograph ofhydro!(en maser. The apparatus is about four feet tall,
The magnetic shields are removed

A photograph of the hydrogen maser is shown in
Fig. 4. In these figures the cylinders with vertical
axes are the diffusion pumps used to evacuate the
hydrogen. They are much larger than necessary
because one of the experiments to be done with this
apparatus is to investigate the effects of excessive

random collisions with the Teflon coated bulb wall
and eventually leave the bulb through the entrance
aperture. Due to their small interaction with the
Teflon surface the atoms are only slightly perturbed
even though they are retained in the bulb for several
seconds and undergo approximately 105 collisions with
the wall during the storage time. Under these con-
ditions the resonance line is so sharp that self-excited
maser oscillations at the hyperfine frequency can take

place.
The hydrogen maser has advantages in the desi-

rable features listed in the In,troduction: (a) since the
transition time is longer than one second, the reso-
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amounts of gas flow. The cylinder with the horizontal
axis is the tuned silverplated radiofrequency cavity.
Inside the cavity is the quartz bulb of about 10 cm
diameter which is coated with Teflon. In this apparatus
the focusing magnet is a small permanent magnet. The
earth 's magnetic field is cancelled with concentric
mu-metal shielding cylinders not shown in Fig. 4.
A schematic view of a complete hydrogen maser used
as a frequency standard is shown in Fig. 5. A photo-
graph of such a maser is shown in Fig. 6.

A determination of these values is useful in the highest
precision experiments as a means of making higher
order corrections for field variations in the transition
which is field independent to the first order .

Since the field dependence of the transition most
studied is quadratic in the magnetic field, the effect of
the magnetic field is markedly reduced at lower values
of the field. Consequently magnetic shielding is
ordinarily used to diminish the magnetic field to
approximately a milligauss or less.

Fig. 6. Photograph of a hydrogen ma-
ser frequency standard [20]

The hydrogen maser is normally used for tran-
sitions between the [F = 1, m = 0] and [F = 0, m = 0]

energy levels of Fig. 3 because this energy difference is
magnetic field independent to the first approximation.
However, it has also been found possible to operate the
maser between the [F= 1, m= 1] and [F= 0, m= 0]
levels. Such operation provides a means of measuring
the average strength of the magnetic field inside the
cavity. This information can also be obtained by
operating the maser on the field independent tran-
sition with a separate oscillatory field inducing
transitions between the [F= 1, m= 0] state to the
[F= 1, m= :f:: 1] state. These ZEEMAN transitions also
provide a measure of the average magnetic field.
Furthermore, the line observed in this case should be a
doublet and the separation of the doublet provides a
measurement of the mean square magnetic field.

III. Threshold for oscillation

For oscillation to occur the power delivered to the
cavity by the beam must equal the power dissipated
in the cavity. If Itk is the threshold intensity of the
atomic beam, 'II the hyperfine frequency, Q the quality
factor of the cavity, 1] the geometrical factor approxi-
mately equal to 3 which depends on the distribution of
the radiofrequency magnetic field in the cavity, V c
the volume of the cavity, H the oscillatory field
amplitude, flo the Bohr magneton and y the relaxation
constant of the atom in the bulb, so that y is approxi-
matelythe effective storage time in the bulb, then the
above condition directly gives

( 1 ) 1H2 Itk 2h'll = Q-S;- Vc2n'll (1)

provided the oscillatory field is sufficiently strong for

3*
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the transition between the hyperfine states to be
induced. The condition [12] for this is

~(1/y) = 1 .(2)

On the elimination of H between these equations, the
beam intensity at threshold becomes

Ith= hVcy2/8n2f1~Q1] .(3)

If typical values suitable for the hydrogen maser are
substituted in this relationship, the threshold flux
becomes about 1012 atoms per sec. An intensity of
this magnitude can easily be achieved with an atomic
beam apparatus employing a 6-pole focusing magnet.
If the apparatus is operated under conditions such
that spin ~xchange broadening is important, the
threshold condition will be greater than that of Eq. (3)
by a factor that varies between one and three depend-
ing on the exact circumstances [19].

where ii is the mean velocity of the atoms, Ae the
total escape area, K a numerical factor depending on
the geometry of the hole (unity for a thin hole}, and
V b the volume of the storage bulb:

Although the atom spends most of its time in the
free space of the bulb, a small fraction is spent on the
wall surface and during this time the hyperfine
frequency is slightly altered. If (li is the average phase
shift per collision caused in this way and if iijZ is the
collision rate, the relaxation rate ys by this adiabatic
wall process is given [13] by

ys = + (iijZ} (li2 .(6}

In addition to the above adiabatic wall relaxation
process, a non-adiabatic chemical reaction of the
atom with the wall is equivalent to escape from the
bulb. The effective relaxation from this is given [13] by

1
yr = (2 ii Pjn2Z} exp ( -Ea/kT} (7}

where P is the stearic factor [13] often taken as 0.1
and Ea is the activation energy for the reaction. For
atomic hydrogen on hydrocarbon walls, yr ""- 0.7 sec-l

both theoretically and experimentally. However ,
with fluorcarbon walls such as Teflon, the decay rate is
found to be much smaller .

Magnetic field inhomogeneities cause relaxation in
two different ways. One of them, yHl, is due to the
motion of the atom through the inhomogeneous field
inducing transitions which change the component of
magnetization parallel to the field. If <H~ > is the
average square of the varying transverse component
of the field and if to is the mean time between wall
collisions

yHl= 2y~ < H~ > to (8)

where yF is the gyromagnetic ratio of the atom in state
F. The second process, which produces the relaxation
yH2, arises from the loss of coherence between the atom
and the oscillatory field when the static magnetic
field is not uniform. It can be shown [13] that

yH2 = to (16 iX2 H~ jjH2) (9)

where Ho is the magnitude of the static field, jjH is
its typical variation, and iX is the coefficient of the
dependence of the hyperfine frequency on H~.

If the hydrogen pressure in the bulb is raised
sufficiently there will be a relaxation y Be by the process
of spin exchange in the hydrogen-hydrogen collisions
where [13]

yse""5. 10-10 N sec-l (10)

with N being the number of hydrogen atoms per
cubic centimeter.

In addition to the above, relaxation can also be
produced by DOPPLER and pressure broadening but
these are normally too small to justify reproducing the
theoretical expressions here [13].

When all the above relaxation processes are com-
billed by Eq. (4), to yield the resultant relaxation y,
it is found that y '""' 0.5 sec-l should be achieved, i.e.,

storage times of several seconds should be obtainable.
Experimentally this is found to be the case when
atomic hydrogen is stored in Teflon-coated bulbs.


