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The hyperfine separation of hydrogen in its
ground state, Av(H), has been determined to the
precision possible with currently available fre-
quency standards by means of the hydrogen
maser.!™® In this experiment two masers were
operated simultaneously for purposes of tuning,
checking internal consistency, and measuring
the wall shift (the effect of collisions with the
storage bulb on the transition frequency). A sec-
ondary frequency standard (National Company
Model NC2001 cesium beam frequency standard)
was also operated in the laboratory, and the fre-
quency of this standard was monitored by one of
the masers at half-hour intervals for a period
of twenty-four hours. The average frequency of
the secondary standard during this period was
determined by J. A. Pierce of the Cruft Lab-
oratory in terms of the 100-ke/sec time signal
broadcast on Loran-C east-coast chain. The
frequency of the Loran-C signal during the meas-
urement period was subsequently determined by
W. Markowitz and R. G. Hall of the U. S. Naval
Observatory in terms of the weighted mean of a
number of cesium-beam controlled frequency
standards at different standards laboratories.

By this method the maser frequency was referred
to the mean of a number of primary standards,
allowing a precision characteristic of the agree-
ment among those standards.

Tuning a hydrogen maser involves tuning the
cavity and adjusting the magnetic field to a known
value. Cavity tuning was accomplished using the
well-known fact that the maser oscillator fre-
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quency is “pulled” by a mistuned cavity by an
amount proportional to the atomic resonance
width.® By increasing the beam flux to allow
spin-exchange collisions, the resonance width
could be increased for this purpose by as much
as a factor of four. The cavity was adjusted un-
til the oscillation frequency was independent of the
flux.

In addition to causing relaxation, spin-exchange
collisions can introduce a small frequency shift.*
This shift depends upon the atomic resonance
width in just the same fashion as the cavity pull-
ing, so by tuning the cavity with the above method
any systematic frequency error is exactly can-
celed by compensating mistuning of the cavity.

A preliminary experiment in which the resonance
was broadened by deuterium confirms this result
to well within the accuracy of concern here, and

further experiments are in progress.

The magnetic field was adjusted for a Zeeman
frequency of 10 kc/sec by the double resonance
technique.? A 10-kc/sec signal from the fre-
quency standard was introduced into the cavity,
and the field could be trimmed to within 1 cps
of resonance, which introduced negligible error
in the frequency of the field-independent transition
(F=1,m=0)-(F=0,m=0). By these means the
masers could be independently and reproducibly
tuned to agree to better than 1 part in 10'2. Fluc-
tuations between the masers in ten-second count-
ing periods were typically 1 or 2 parts in 108,

The following scheme was used for monitoring
the local standard: The 5-Mc/sec output of the



VoLuME 11, NUMBER 7

PHYSICAL REVIEW LETTERS

1 OCTOBER 1963

NC2001 was multiplied and used to phase-lock

a klystron at 1450 Mc/sec. The maser signal
was converted to 29.594238 Mc/sec by mixing
with the klystron and amplified in a conventional
i.f. amplifier. (The particular i.f. frequency
depends on the local standard and does not enter
the final determination.) The signal was then
mixed with a 29.6-Mc/sec signal derived from
the standard. The resultant 5.762-kc/sec signal
was multiplied to 57.62 kc/sec and this was
counted on a frequency counter for 10 sec. The
counting uncertainty of 1 cycle represented a
frequency error of 0.01 cps which was unim-
portant compared to the short-term fluctuations
due to the NC2001 during that time, about 0.05
cps.

A single determination of the NC2001 frequency
involved about 40 readings of ten seconds each.
By making separate determinationa at half-hour
periods for twenty-four hours, the effect of short-
term fluctuations between the masers and the
NC2001 was reduced and an rms deviation of
0.007 cps was obtained, corresponding to a frac-
tional frequency deviation of 5x107'2. There
were no indications of diurnal or other systematic
variations in the NC2001 during the twenty-four
hour run.

In order to obtain Av(H) from the maser oscil-
lator frequency, three corrections must be made:
magnetic field offset, second-order Doppler shift,
and the wall shift. These are denoted by év,,,
vp, and Av,,, respectively.

The quadratic field dependence of the (F=1,m =0)
- (F=0,m =0) transition can be expressed direct-
ly in terms of the Zeeman frequency, vy (which
can be assumed linear in H at the fields of inter-
est here): 6v, =+1.416x107°v,*. This expres-
sion follows from elementary theory and has been
verified with the masers. For Vg = 10 ke /sec,
the offset is 6v,, =+0.142 cps with negligible er-
ror.

The second-order Doppler shift is given by

dvpy = -(v%/2c®) Av(H) = -(3k T/2mc?) Av(H)

=-1.378x10"B¥TAv(H).
In this experiment the maser cavities and the
storage bulbs were temperature controlled at
308°K (35°C), so that dvp=-0.0602 cps. The
uncertainty in évp is negligible.

The storage bulbs were coated with DuPont Tef-
lon, using DuPont 852-201 clear finish.® The
wall shift is proportional to the collision rate and
can be determined by comparing masers with dif-
ferent size storage bulbs. In this experiment one

maser had a bulb of mean diameter 6.03 in.,

while the other had a bulb of mean diameter 3. 88
in. The offset frequency between the masers due
to the wall shift was 0.017 cps, which corresponds
to a total wall shift for the maser with the 6-in.
bulb of 6v, = -0.0298 cps (as contrasted to no col-
lisions, i.e., free space). During the run the
forepump on one machine broke and the pressure
rose above foreline pressure. This resulted in

a change in the wall shift of approximately 10%
presumably due to contamination with forepump
oil. The wall shift and this contamination effect
were subsequently rechecked, and verified. The
uncertainty in the wall shift, chiefly due to the
contamination, is taken to be 10 % (or 2 parts in
10'%), which is satisfactory for the present purpose
since it is small compared to the uncertainty of
the frequency standards.

The results of this determination will be given
in the atomic time scale A.1 which is based on an
assumed frequency of 9192631 770.0 cps for the
cesium-133 hyperfine transition at zero magnetic
field.® If we denote the experimentally determined
frequency of the maser in terms of the NC2001 by
vy, then we may write

- v

AV(H)=V0(1 +a +b+c)—6um —GuD v

In the present determination, v,=1420405762.468
+0.007 cps. The corrections in parentheses in-
volve conversion of the time base from the NC2001
to the primary standards while the last three are
those described above. The term a represents
conversion of the NC2001 base to the A.1 time
scale, b represents the measured correction of
the NC2001 frequency in terms of Loran-C, and
c represents the measured correction of the
Loran-C signal in terms of the primary standards.
The NC2001 assumes a cesium hyperfine tran-
sition of 9192 631 840 cps at zero magnetic field,
and operates at a field which increases this by
1.39 cps, so that

a=[(9192631770+1.39)/(9192631840)]-1
=-7.46358x107°,

(Since this value of @ was assumed in comparing
the NC2001 to Loran-C, its actual value is not
significant: Any error in it will be corrected by
b.)

b corrects the NC2001 in terms of the Loran-C
frequency assuming that the frequency of Loran-
C is offset during 1963 from the nominal 100 kc/
sec by 1300 parts in 10! below the frequency
of the A.1 time system. During the peried of
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measurement, 1:30 a.m. 11 June 1963 to 1:30
a.m. 12 June 1963, b was determined by J. A.
Pierce of the Cruft Laboratory to be -2.1x107%,
The factor ¢ represents the best estimate of
the actual frequency of Loran-C during the meas-

urement period in terms of the primary standards.

The A.1 time scale is derived from the operation
of cesium atomic beam time standards in eight
laboratories around the world. VLF transmis-
sions are utilized for the comparison of fre-
quencies.® From such comparisons Markowitz
and R. G. Hall of the U. S. Naval Observatory
have determined that the frequency of Loran-C
was (1299+1) X107 below A.1 on the date of
the present determination, 11-12 June 1963.
The factor ¢ is therefore (1+1)x107!,

The uncertainty in the result for Av(H) is com-

pounded from the following sources. Uncertain-
ties are listed fractionally:
wall shift: 0.2x107,
fluctuation in local standard: 0.5x1071%;
uncertainty in primary standard: 2x1071L,

The uncertainty in the primary standard has been
taken to be 2x107* which represents the mean
deviation® since 1960, even though there are
reasons to believe that the uncertainty may have
been less at the time of the measurement. Com-
bining these as random errors leads to a final
uncertainty of 2x107!* or 0.028 cps.

If we assume Ap(Cs)=9192631770.0 cps, the
final result is

Av(H) =1420405751.800+ 0.028 cps.

The above value agrees well with our previously
published preliminary value.? Likewise, the re-
sult falls within the very much larger limits of
the measurements by Wittke and Dicke” and
Kusch.® When the results of Pipkin and Lam-
bert® are referred to the A.1 time scale,?® they
are lower than the present result by twice their
estimated experimental error of 7 cps. The pre-
liminary hydrogen maser result of Menoud and
Racine' is lower than our result by 1 cps, which
is slightly more than double their experimental
error of 0.4 cps which they attribute chiefly to

the inhomogeneity of their residual magnetic field.
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A later unpublished value from that laboratory'!
with an experimental error of 0.3 cps agrees
with our result to within their estimated error
assuming their unmeasured wall shift is the same
as ours. Vessot and Peters'? in recent unpublished
hydrogen maser experiments have obtained re-
sults in agreement with those of this paper assum-
ing their unmeasured wall shift also to be the
same as ours.
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