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Environmental Factors and Hydrogen Maser
Frequency Stability

Thomas E. Parker, Fellow, IEEFE

Abstract—TIt is necessary to have a complete understand-
ing of the environmental sensitivities of cavity-tuned hy-
drogen masers to obtain optimum frequency stability and
to avoid common-mode frequency fluctuations. Measure-
ments of environmental sensitivities (temperature, relative
humidity, atmospheric pressure, line voltage and magnetic
field) made at the National Institute of Standards and Tech-
nology have demonstrated that the frequency stability of a
cavity-tuned, active hydrogen maser is not significantly de-
graded if the maser is operated in a moderately controlled
environment. Under these conditions, common-mode fre-
quency fluctuations caused by the observed environmental
factors also are negligible.

1. INTRODUCTION

HE NUMBER of hydrogen masers being used in time
Tscales around the world has increased significantly
over the last 10 years [1)-[3]. The Bureau International
des Poids et Mesures (BIPM) now uses data from more
than 25 masers in the generation of International Atomic
Time (TAI). Masers also are commonly used as reference
oscillators for primary frequency standards because they
offer fractional frequency stabilities below 1x 10715 at time
intervals on the order of hours to days. With cavity tuning
this stability can be extended to tens of days. The Na-
tional Institute of Standards and Technology (NIST) has
five commercially available cavity-tuned, active hydrogen
masers! at its site in Boulder, Colorado, all of which are
currently used in the NIST AT1 time scale [1]. One of
the masers also is routinely used as the reference oscilla-
tor for the primary frequency standard NIST-7 [4] and for
research on new technologies for primary frequency stan-
dards. The masers are all operated in the low hydrogen
pressure mode for higher line @ (~ 2 x 10%), but other-
wise are not optimized for either highest line @ (least sen-
sitivity to the environment), or best short-term stability.
Each maser at NIST is contained in its own environmental
chamber to control temperature (~ +0.1°C peak-to-peak)
and relative humidity (~ +2% peak-to-peak).

To obtain optimum performance in time scales and as
references for primary frequency standards, it is impor-
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tant to have accurate knowledge of maser environmen-
tal sensitivities for time intervals up to at least several
days. In many laboratories the only frequency source with
short-term frequency stability comparable to that of a
maser is another maser. Therefore, it is also necessary
to know if there are any common-mode frequency fluc-
tuations that would not be visible in a comparison be-
tween masers. Because common-mode fluctuations gener-
ally come from environmental sensitivities, these parame-
ters must be known. Consequently, NIST has conducted a
series of measurements to determine these sensitivities [5],
[6], and the results are reported here.

Pressure sensitivity is of particular concern because
controlling pressure is very expensive; and, if not con-
trolled, all of the masers at a given site will respond to the
same fluctuations in atmospheric pressure. Furthermore,
the lowest pressure sensitivity currently guaranteed by the
manufacturer® could result in fractional frequency fluctua-
tions larger than 1 x 10~ occurring simultaneously in all
of the masers just due to barometric pressure fluctuations.
These fluctuations may not be observable in comparisons
among masers at the same site. Previous measurements of
the pressure sensitivity of hydrogen masers without cavity
tuning have shown evidence of fractional frequency fluctu-
ations as large as 1 x 10713 [7]. Fortunately, we have found
that the pressure sensitivity in the cavity-tuned masers is
more than 10 times smaller than the manufacturer’s spec-
ification.

In a more general sense, it is also desirable to know
to what extent environmental fluctuations degrade the
maser stability, even if the frequency fluctuations are not
common-mode. To accomplish these goals, a program has
been carried out not only to measure the environmental
sensitivities of the masers, but also to monitor the stabil-
ities of the environmental parameters during normal op-
eration in the time scale. The sensitivities of the maser
frequencies to temperature, relative humidity, baromet-
ric pressure, power line voltage, and vertical DC mag-
netic field (the most sensitive axis) have been measured on
several units. Our measurements indicate that these envi-
ronmental factors do not significantly degrade maser fre-
quency stability if the environment is suitably controlled.
Previous measurements of environmental sensitivities of
cavity-tuned hydrogen masers have been made [8], but not
over the appropriate time interval or at the precision re-
quired for use in time scales or as references for primary
frequency standards. Environmental sensitivities for other
types of hydrogen masers have also been reported in [9)].
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Fig. 1. Influence of temperature steps on the frequency of maser 5.

II. ENVIRONMENTAL SENSITIVITIES

Frequency sensitivities to temperature, relative humid-
ity, line voltage, and magnetic field were all measured in
the same type of chamber in which the masers normally
operate. This was done to ensure that gradients of temper-
ature and humidity in the chambers used for normal oper-
ation in the NIST time scale also were present during the
measurements of the sensitivities. However, pressure sensi-
tivity had to be measured in a specially constructed cham-
ber that has approximately the same internal dimensions
as the other chambers. This chamber is capable of pressure
changes up to +£15% about the ambient barometric pres-
sure. The frequency sensitivity for each environmental pa-
rameter was measured by changing the appropriate param-
eter and recording simultaneously the frequency difference
between the test maser and at least two other reference
masers that were held in a constant environment. In each
case every effort was made to change only one parameter
at a time. No attempt was made to investigate the phys-
ical cause of any particular environmental sensitivity, but
simply to characterize its value. Apparent sensitivities to
pressure, humidity, and line voltage may in fact be caused
partially or entirely by changes in temperature or temper-
ature gradients inside the maser. Knowing these details is
important to reducing the environmental sensitivities of
the masers, but this information is not needed to quantify
the sensitivities. To illustrate the measurement process, a
detailed description will be given for the measurement of
temperature and pressure sensitivities.

A. Measurement of Temperature Sensitivity

Fig. 1 illustrates how the temperature sensitivity mea-
surements were carried out. The lower tracing shows the
temperature as measured by a sensor mounted on the out-
side surface of maser 5; the upper tracing shows the frac-
tional frequency difference between maser 5 and one of the
reference masers. Data were taken at 2-hour intervals, and
the mean fractional frequency difference and average lin-
ear frequency drift (~ 6 x 10716 /day) have been removed
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Fig. 2. Influence of pressure steps on the frequency of maser 4.

for visual clarity. The fact that the relative frequencies are
not exactly the same at the beginning and end of the test
cycle simply reflects incomplete drift removal. Over the
course of 35 days, the temperature was increased above
normal by 2°C for a period of 7 days, and decreased 2°C
below normal for a 7-day interval. The frequency of the test
maser shows a transient shift on the order of 2 x 1071 at
the time of each temperature transition, which lasts for
about 16 hours. This is followed by a steady-state shift
that correlates with the steady-state temperature. These
characteristics indicate the presence of both dynaraic and
static temperature effects.

The static temperature coefficient was determined by
comparing the average frequency during each temperature
deviation period with the average of the frequencies in
the periods immediately before and after the tempzrature
excursion. This eliminated any error caused by linear fre-
quency drift. Using only the last 6 days of each 7-day cycle
eliminates the dynamic effects from the measurement. The
average of the measured frequency shifts was then divided
by the average change in temperature to give the static
temperature sensitivity, which is —3.44+0.2 x 107 /°C in
this case. By using both positive and negative tempera-
ture shifts, any errors caused by quadratic frequency drift
were also eliminated. Some measurements were made over
a 10°C temperature range to confirm that the static and
dynamic effects are linear.

There was significant frequency noise in the data, so
the same analysis was performed with two or three differ-
ent reference masers. The average of these results reduces
the influence of the reference-maser noise. In some cases a
maser ensemble was used as the reference.

B. Measurement of Pressure Sensitivity

Fig. 2 shows data from maser 4 for changes in pressure
about the ambient atmospheric pressure. The correspond-
ing fractional frequency changes are less obvious, but a
pressure sensitivity of +0.16 & 0.04 x 107*5/kPa was ob-
served (1 kPa = 10 mbars). It was necessary to repeat the
cycle shown in Fig. 2 several times to reduce the measure-
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ment uncertainty to an acceptable level. As with temper-
ature, there was no evidence of nonlinearity. Because no
dynamic effects are present, the measurement cycle was
reduced to only 16 days, with 3-day pressure steps and a 4-
day interval between steps. The 4-day interval was chosen
simply to keep the measurements in step with the normal
work week.

III. SUMMARY OF ENVIRONMENTAL SENSITIVITIES

Table T summarizes the results of all of the environ-
mental tests. Table blocks with no values indicate that
those parameters have not been measured. The five masers
at NIST were purchased between 1990 and 1996 and are
numbered in the order in which they were obtained. The
most recently purchased masers have been more thor-
oughly characterized, because the environmental testing
could be done before the masers were put to use in the
NIST time scale. Older masers can be tested only when
they are taken out of the time scale for various reasons.
Masers 3 and 5 have been completely characterized, and
masers 1 and 4 have been partially characterized. No data
are available for maser 2 because it has been continuously
used in the time scale since 1994. The first column of Ta-
ble I gives the coefficients for temperature, relative humid-
ity, pressure, line voltage, and vertical DC magnetic field
(at 10 uT and 100 pT). The next four columns list the val-
ues of the measured sensitivities for each maser expressed
as fractional frequency changes (10~1%) per unit change of
the environmental parameter. Except for temperature and
vertical DC magnetic field, most of the sensitivities are at
or below the measurement uncertainties. The last column
gives the duration for which the environmental parameter
was changed from its nominal value in order to determine
the environmental sensitivity.

A. Temperature

St is the static temperature coefficient and corresponds
to the fractional frequency shift per degree Celsius after all
of the transient frequency shifts have disappeared. All of
the values of St are within the manufacturer’s specifica-
tions, although there is a large difference from maser to
maser. The manufacturer has made a number of changes
to the masers over the years, so it is difficult to identify
the cause of the variations. All of the masers exhibited
transient frequency shifts when the temperature steps were
first applied. Because there were relatively small static fre-
quency shifts on masers 1 and 5, the dynamic responses
could be quantified and are —4x 1071 and —2x 1074, re-
spectively, for a +2°C step. It was difficult to quantify the
dynamic responses on masers 3 and 4 because of the larger
static temperature effects, but they appear to be about the
same as that of maser 5. Because relative humidity also is
controlled in these chambers, there was no change in rela-
tive humidity during the temperature tests. However, this
results in a change in absolute humidity that is coberent
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with the temperature changes. No attempt was made to
correct for this situation because the same coherence also
would be present for the smaller temperature fluctuations
that exist in normal operation.

B. Relative Humidity

Sensitivities to relative humidity (Srm) are small, and
large steps (£9%) had to be used to measure them. (Hu-
midity control in the chambers during normal operation is
typically ~ £2% peak-to-peak.) Small changes in temper-
ature sometimes coincided with the humidity steps, but
correcting for these steps has no significant impact on the
values of Sgry in Table I. A humidity step of 14 to 21 days
duration was used to ensure that processes with long-time
constants would be observed. Test cycles much longer than
this are of limited value because frequency drift or aging
in masers is usually large enough to make environmental
parameters irrelevant in the long term.

C. Pressure

The manufacturer guarantees a pressure sensitivity
(Sp) less than 3 x 107!%/kPa, and the observed values
are smaller than this by more than a factor of 10 (1 kPa
is on the order of the average day-to-day barometric pres-
sure variations). This effectively eliminates one of the more
serious potential causes of common-mode frequency fluc-
tuations. (See Section IV.) The large uncertainty of the
pressure sensitivity of maser 3 in Table I stems from the
fact that this maser exhibited occasional, erratic frequency
transients during the measurements. These transients were
not reproducible like the dynamic temperature effects and
did not always occur simultaneously with the pressure
steps. Sometimes they would occur many hours after the
pressure change, or not at all. Also, the signs of the fre-
quency transients were not consistent with the pressure
steps. However, it is clear that the transients are related
to large, relatively sudden pressure excursions, because
they do not occur at all during extended periods when
the pressure changes only gradually due to normal baro-
metric pressure variations. No significant coherent temper-
ature changes were observed during the pressure tests, but
small changes (~ 1%) in the relative humidity coincided
with the pressure changes. Correcting for coherent varia-
tions in relative humidity has a negligible impact on the
observed pressure sensitivities.

D. Power Line Voltage

The power line voltage was varied by 5 volts and es-
sentially no sensitivity to line voltage (Sv) was observed.
For the two masers that were measured, the sensitivity was
less than the measurement uncertainty. None of the other
environmental parameters showed any coherent variations
with the line-voltage variations.
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TABLE 1
SUMMARY OF MASER ENVIRONMENTAL SENSITIVITIES.

Step

Interval
Sensitivity Maser 1 Maser 3 Maser 4 Maser 5 (days)
S1(10~18/°C) +1.3+021 -9+1 -8+1 -34£022  3-7
Spru (10715 /%) - +04+02 -02402 —0.04 +0.2 14-21
Sp(10~15 /kPa) - +0.084+0.4 +0.16+£0.04 +0.004 +0.04 3
Sv(10~15/V) - —0.09+0.2 - —0.08 £ 0.1 3
Su(10~18 for 10 uT) - ~13+2 - +4.7+1.4 3
Su(10~15 for 100 pT) 3 |4 [17] (6] 5] 0.02

!Dynamic temperature response of ~ —/ +4 x 10714 for a +/ — 2°C temperature step is not

included.

2 Dynamic temperature response of ~ —/ + 2 x 10~14 for a +/ — 2°C temperature step is not

included.

3 As measured by manufacturer at £100 uT (£1 G).

E. Magnetic Field

Sensitivity to DC magnetic field (Su) was measured by
placing a set of Helmholtz coils around one of the environ-
mental chambers. The coils were oriented to create a verti-
cal magnetic field, because this is the most sensitive axis of
the masers, as confirmed by our own measurements. (The
horizontal sensitivity of maser 3 is more than a factor of 15
smaller than the vertical sensitivity.) Calibration was ac-
complished by measuring the field strength and uniformity
inside the chamber as a function of electrical current, but
without a maser present. During testing with the maser
in the chamber, the vertical field strength was monitored
on the top surface of the maser. The field on the maser
in the test chamber due to the Earth’s magnetic field is
typically around 73 pT (100 T = 1 G). Changes about
this value caused by current in the Helmholtz coils were
approximately twice the magnitude of those observed in
the empty coils due to flux concentration by the maser.
For calculating the magnetic field sensitivity, however, the
fields in the empty coils were used. Vertical DC magnetic
field also was monitored at the reference masers to ensure
that they were not affected by the Helmholtz coils.

Tests were performed for field changes of £10 uT and
+5 uT. Sy appears to be nonlinear because the magnitude
of the observed frequency change is about 50% larger when
the total field strength is increased than when the field is
decreased by the same amount. The values listed in Table I
are the average of the responses for the two directions.

Sensitivity to vertical magnetic field is of particular in-
terest because the frequency shifts of masers 3 and 5 mea-
sured in our laboratory for 10 4T changes in magnetic field
are almost as large as those measured by the manufacturer
on the same masers for 100 uT field changes (Table I). No
sign information was available for the manufacturer’s mea-
surements. The effectiveness of passive magnetic shield-
ing is highly nonlinear, and this may explain the differ-
ing results. Also, the manufacturer’s tests were conducted
for a much shorter time interval. Another possible rea-
son for the discrepancy is that the magnetic shielding may
have degraded during transportation of the masers from

the manufacturing site to our facility. Unfortunately, we
cannot duplicate in our laboratory the high fiela levels
of the manufacturer’s tests because of the proximity of
the magnetic-field test chamber to other masers used in
the NIST time scale. Therefore, the discrepancy between
our measurements and the manufacturer’s observations re-
mains unexplained. However, the lower field variations of
our tests are more meaningful for our situation sirce the
normal field fluctuations in our laboratory are on the order
of +1 uT or less. Except for magnetic field sensitivity, no
significant nonlinearity was observed in any of the other
environmental sensitivities, even though a range of values
in the steps was used.

AC magnetic fields can cause DC frequency shifts due
to rectification caused by the nonlinearity of the field sen-
sitivity. We expect this to be small, however, and it has
been confirmed on maser 3 that the root-mean-squere AC
(60 Hz) sensitivity in all three axes is less than +2 x 10716
for a 10 uT rms. field. This is at least a factor of 50 smaller
than the vertical DC field sensitivity.

IV. IMPACT OF ENVIRONMENTAL FACTORS ON MASER
FREQUENCY STABILITY

In addition to the determination of maser enviroamen-
tal sensitivities, stabilities of environmental parame:ers in
the maser chambers and maser room also are being mon-
itored. Temperature, relative humidity, and vertical DC
magnetic field are all monitored in the chambers in which
the masers normally operate, while barometric prassure
and power-line voltage are monitored in the maser room.
The measurements are made every 2 hours. Detailed ex-
amples of the characteristics of the various environmental
parameters are given in [5]. A two-sample (Allan) devi-
ation analysis of the observed environmental parameter
fluctuations, along with the measured sensitivities, allows
one to estimate the influence of the environment cn the
observed frequency noise of the masers.

Table II summarizes the stability characteristics of the
five environmental parameters for masers 3 and 5 over two
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TABLE II
STABILITY CHARACTERISTICS OF NIST ENVIRONMENTAL CHAMBERS.

Chamber for Maser 3

Chamber for Maser 5

Environmental TOTAL Allan
parameter deviation (7 = 1 day)
Temperature (°C) 16 x 10~3

RH (%) 0.14
Pressure (kPa) 0.32
Power-line (V) 0.44
Magnetic field (uT) 0.05

different 95-day periods. Table II gives values for the TO-
TAL Allan deviation at 7 = 1 day along with the standard
deviation for the entire 95-day period. (The TOTAL Al-
lan deviation is essentially the same as the conventional
Allan deviation, but has better confidence. For details on
the TOTAL Allan deviation see [10].) The same sensors
used in the environmental sensitivity tests also were used
to monitor the environment in the chambers. Because, as
discussed earlier, the magnetic field sensors on the masers
measure twice the actual external field changes, the mag-
netic field values in Table II are half the measured varia-
tions. The chamber in which maser 5 is now housed had
no humidity control (the other four do) at the time of the
test, which explains the large standard deviation for rela-
tive humidity in Table II. Air flow through this chamber is
very slow, so the short-term fluctuations in humidity were
small, but over the long term the changes could be large.

Generally temperature and relative humidity instabili-
ties inside the environmental chambers originate from vari-
ations of internal gradients or instabilities in the control
circuitry. Consequently there is little correlation of temper-
ature and humidity fluctuations between different cham-
bers [5]. Only when there is a large variation in the room
temperature is a correlation seen in the internal temper-
atures, but this happens infrequently. Vertical DC mag-
netic fields also show relatively little correlation between
chambers because most of the field disturbances of any
consequence are localized (something containing iron gets
moved) and the gradients are large over the typical dis-
tances between chambers. However, pressure and line volt-
age fluctuations are highly correlated among the different
masers.

Fig. 3 shows the TOTAL Allan deviation, o, ToTaL(7),
of the maser 3 frequency (drift removed) as determined
from a 3-cornered-hat measurement (solid circles). Fig. 3
also shows the estimated frequency instabilities caused by
the five environmental parameters being monitored (static
temperature, hollow squares; humidity, crosses; DC mag-
netic field, solid squares; line voltage, solid triangles; and
barometric pressure, hollow diamonds) as well as that es-
timated for the dynamic temperature effect (hollow trian-
gles). These instabilities were determined by calculating
the TOTAL Allan deviation of the measured environmen-
tal data, then multiplying by maser 3 sensitivities in Ta-
ble I. For example, the estimated TOTAL Allan deviation
at 1 day due to the static temperature effect is obtained by

Standard TOTAL Allan Standard
deviation  deviation (7 =1 day) deviation
35 x 103 8 x 1073 25 x 103
0.50 0.16 2.29
0.53 0.33 0.59
1.01 0.55 1.23
0.30 0.03 0.15
.14
10 T T T T T iﬁrmrrrﬁrsrrug
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Fig. 3. Measured TOTAL Allan deviation of maser 3 (@), along with
environmental contributions from static temperature ([J), relative
humidity (+), DC magnetic field (u), line voltage (A), barometric
pressure ((), and dynamic temperature effect (A). The dashed line
represents a root-sum-square of all the environmental contributions.

multiplying 0.016 from Table IT by 9 x 10~ from Table 1.

With the dynamic temperature effect, the frequency
change is proportional to the time rate of change of tem-
perature. The estimated TOTAL Allan deviation due to
this effect is obtained by performing a first difference on
the temperature data to obtain a new time series represent-
ing temperature changes per unit time. The Allan devia-
tion then is calculated from this new time series and mul-
tiplied by the dynamic response observed on the masers.
For maser 3 a dynamic response of 1 x 107* for a 1°C
step was used to calculate the data in Fig. 3. The response
time of the maser frequency to a temperature step is on
the order of 4 to 6 hours, and this obviously has an in-
fluence on the two-sample deviation data at intervals less
than the response time. However, no attempt was made
to correct for this because it is a complicated process and
would result only in making a small effect even smaller.

The dashed line (with no symbols) in Fig. 3 is calcu-
lated from the square root of the sum of the squares for
all of the environmental parameters and represents the
estimated total contribution from environmental factors.
For clarity, confidence limits are shown only for the mea-
sured maser noise. Fig. 4 shows the same type of plots
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pressure (Q), and dynamic temperature effect (A). The dashed line
represents a root-sum-square of all the environmental contributions.

for maser 5, one of our most stable masers. The reduced
value of o, ToTaL{T) at 7 = 20 days is very likely not real,
but caused by the frequency drift removal process. Results
similar to that for maser 3 also have been obtained with
masers 2 and 4 [5).

The data clearly show that fluctuations in environmen-
tal parameters at time intervals up to 20 days do not
play a significant role in determining the frequency sta-
bility of masers in our laboratory, even though the maser
noise levels are as low as 3 to 4 x 10718, This is partic-
ularly true for maser 5, which generally has very low en-
vironmental sensitivities. Temperature and magnetic field
fluctuations are the largest contributors, but the resulting
frequency fluctuations are more than a factor of 2 below
the maser noise. The other environmentally induced frac-
tional frequency fluctuations are generally below 1x 10716,
Combining all of the environmental contributions quadrat-
ically does not change the conclusion. Eliminating the ob-
served environmentally induced frequency fluctuations en-
tirely would produce, at best, a 10% improvement in maser
frequency stability at some values of 7.

The determination that environmentally induced fre-
quency fluctuations are small compared to the noise levels
of the masers is supported by observations that generally
there are no statistically significant correlations between
a maser’s frequency fluctuations and variations of tem-
perature, relative humidity, or DC magnetic field in that
maser’s environmental chamber. Because, as discussed ear-
lier, there is little correlation in these three environmental
parameters between the different chambers, some correla-
tion between frequency difference and environmental fac-
tors in the same chamber would be seen when two masers
are compared if the sensitivities were large enough to play
a major role in the maser noise. However, such correla-
tions are not seen. The situation is very different for baro-
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metric pressure and power line voltage fluctuations, which
are common to all the masers. Here, if the sensitivities
were large, all maser frequencies would exhibit the same
variations and, therefore, no pressure or voltage-induced
frequency difference fluctuations could be seen when the
frequency of one maser is compared to another. Thus no
correlations would be evident, but it would not necaessarily
mean low sensitivities.

The fact that environmentally induced frequency fluc-
tuations are small compared to the maser noise also
means that common-mode frequency fluctuations caused
by the five investigated environmental parameters are
not a significant problem. Furthermore, frequency fluc-
tuations caused by temperature, relative humidity, and
DC magnetic field variations would not produce signif-
icant common-mode frequency fluctuations anyway be-
cause these parameters are not strongly correlated bstween
the different chambers.

In Figs. 3 and 4, the general shapes of the two
curves representing all of the environmental contrik utions
(dashed lines) are similar to that of the maser noise char-
acteristics (solid circles), though there are differences in
the details. The data clearly indicate that the five envi-
ronmental instabilities investigated are not large enough
to be responsible for the maser frequency noise, but the
similarities in curve shape may not be totally coincidental.
The manufacturer believes that the maser stability beyond
about 1,000 s (excluding long-term drift due to wall shift)
is dominated by cavity pulling and the cavity servo [11].
It is possible that temperature fluctuations internal to the
maser caused by instabilities in convection, conduction,
and the thermal control circuitry, play a role in determin-
ing the maser frequency stability. In this case the static
and dynamic temperature effects would be present, and
result in similarly shaped curves being generated. How-
ever, the maser frequency stability characteristics ‘would
be more closely related to the internal environment of the
maser than to the external environment. This possibility
is consistent with the observation that maser &, which has
the lowest noise levels at 10 days, also has an extra layer
of thermal control on the cavity.

V. CONCLUSIONS

Our analysis indicates that none of the environmen-
tally induced frequency variations that were investigated
are large enough to be a significant contributor to riaser
noise at intervals up to 20 days even though the flicker
floors of the best masers in our laboratory are as lew as
oy(7) = 3t04x 10716 at 7 of a few days. However, temper-
ature and vertical DC magnetic field sensitivities are large
enough that care must be exercised to ensure that they do
not degrade maser performance. Operation of a masar in
a less-controlled environment such as a typical room envi-
ronment would lead to a degradation in frequency stabil-
ity. The observed environmental parameters cannot be a
significant source of common-mode frequency fluctuations
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because the magnitudes of the induced frequency fluctua-~
tions are too small. Though fluctuations in temperature,
relative humidity, atmospheric pressure, magnetic fields,
and power line voltage have been eliminated as a source of
common-mode frequency fluctuations, this does not guar-
antee common-mode problems do not exist. Other sources,
such as ground loops, are possible, and these need to be
investigated.
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