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Abstract 

An extensive statistical unalyk has been undertaken tu determine if a correlation exists between 
changes in an NR atomic hydrogen maser's frequency oflset and changes in environmental conditions. 
Data have been acquired over the pwt 20 months by recording the frequency ofiet of three NR atomic 
hydrogen masers along with t h  relative and absolute humidity, barometric pressure, and ambient tem- 
perature of the laboratory in which the masers are maintained. 

Correlational analyses have been performed comparing barometric pressure, humidity, and temper- 
ature with maser frequeng oBet as functions of time for periods ranging from 5.5 to 17 days. Semi 
partial correlation coeJicients as large as -0.9 have been found between barometric pressure and maser 
frequenq ofiet for data covering periodr as long as a week. Maser frequency oflset and barometric pres- 
sure were comistently found to change simu&aneously. The correlalion between humidity and frequency 
o@et is less predictable, and the resulting semi partial correlation coeflcients were usually small when 
compared with those derived from the relationship between pressure and frequency oflset. The time dehy 
between changes in humidity and correlated changes in maser frequency ofiet was found to vary exten- 
sively with no predictabk pattern. Analysk of temperare data indicates thd, in the most current design, 
temperature does not significantly aflect mmarer frequency ofiet in the laboratoty environment. 

Thus, the resubs of the analyses disclose a sign$cant statistical correlation between changes in maser 
frequeng ofiet and changes in barometric pressure. The statistics also reveal some correlation between 
humidity and frequency o@et, but for reasons to be discussed, the effects of humidity should be considered 
secondary to the eficts of changing barometric pressure. 

INTRODUCTION 

The NR atomic hydrogen maser has proven to  bc: one of the most accurate ti~rle and frequency 
references available for use in the laboratory and in the field. The NR, ~naser  derives its stable fre- 
quency reference from electronic observation of the hyperfine transition of atomic hydrogen, which 
occurs at  a freque~lcy of 1.4204057518 GHz[l].  The narrow microwave resonance line characteristic 
of the hyperfine transition is observed using an electromag~letic resonant cavity operating in thc 
TEoll mode. The resonant cavity consists of a metallic cyli~lder with adjustable top and bottom 
endplates. The movable endplates are used to adjust the cavity length for coarse tuning of the 



rpsonant frequency. The cavity resonant frequency is finc tuned by controlling the temperature of 
the cavity walls within K.  

Using superheterodyne techniques, a 5 MHz crystal oscillator is phase locked to  the signal coupled 
frorn the resonant cavity. The oscillatof ontpnt rcflccts the long-term stability (greater than 100 s) 
of the maser as determined by its large atomic line Q (1.33 x lo9) .  Under optimal conditions, the 
NR maser typically exhibits a frequency offset of a few parts in 101%ver a 24-hour period. 

0 nc would cxpcct changing cnvironrnental conditions to  affect the perfor~narlce 01 any complex 
electronic systenl adversely. The hydrogen maser is no exception. Hurniclity and terrlperature 
changes affect the electronic circuitry used to  tune the microwave resonarit cavity to the hydrogen 
hyperfine transition frequency. Barometric pressure changcs d t c r  the compressive forces exerted 
on the resonant cavity, changing its resonant frequency. 

To gain a better quantitative understanding of these environmental effects, a statistical analysis 
of the relatio~iship between the frequency offset of the NR llydrogen rrlaser a ~ i d  the surrouriding 
environmental conditions was undertaken. 1n a.ddition to  other results, two important conclusions 
were derived from the analysis: ( I )  a strong correla.tion exists between barom~tr ic  prcssurr and 
the NR maser's freque~icy oflset, and (2) a change in the constructio~l of the NR maser's resonant 
cavity has eliminated temperature fluctuations as a critical concern in the laboratory. 

EXPERIMENTAL DATA 

In previous generations of NR masers, the cylindrical microwave resonant cavity was constructed 
entirely from aluminnm. The NR maser was later improved by enclosing the resonant cavity in 
a cylindrical quartz sleeve. In the present design, the resonant cavity corisists of a coating of 
conductive silver ink on the inside of a thick quartz cylinder. This arrarigerrlent gives the resonant 
cavity the thprxnal expansion coefficient of a thick quartz tube as opposed to  that  of the thin 
aluminum cylinder used i n  the previous design. This change reduced t h ~  thermal sensitivity of the 
cavity's resonant frequency from 30 KHz/'C to  3 KIIz/OC. 

For thr  past 20 months the data acquisition system described in [2] has continuously recorded the 
environmental conditions and the frequency offset of three NR hydrogen masers. The system cal- 
culates maser frequency offset at five-minute intervals with an accuracy of parts in 1015. Ambierit 
air temperature, relative humidity, dew point temperature, and barorrietric pressure are simultanc- 
ously recorded by National Institute of Stantlards and Technology (NIST) traceable thermometers, 
hygrometers, dew point sensors, and barometers with single lneasurerrlent accuracies of 0.1 OC, 2%, 
O.S°C, 0.01 inch Hg, respectively. The repeatability of the humidity sensors is 0.5% for the relative 
hl~midity sensor and 0.05 O C  for the dew point sensor. Repeatability is a better measure of how 
well these instruments track humidity changes. 

Figures 1A through 6A show the maser frequency onset and the offset barometric pressure over 
time for periods ranging from 5.5 to  17 days. The offset barometric presswe was calculated by 
subtracting the measured value of the barometric pressure, in inches of mercury, from 30. This oirset 
has the effect of inverting the barornetsic pressure curve, making the inverse relationship between 
pressure and frequency offset visually clear. From the similarity of the curves in Figures 1A through 
6A, a significant correlation is apparent between barometric pressure and maser frequency offset. 

Figures 1B through 6B show the maser frequency offset and humidity for the time periods considered 
in Figures 1A through 6A, The frequency offset data in Figure 1B have been delayed by 48 hours 



with respect to the humidity curve. Similarly, the frequency offset has been delayed 24 hours in 
Figure 5n. These time delays were itlcorpor.a,ted to demonstrate that the humidity shows a stronger 
similarity to the frequency offset if one allows for a time delay between changes in humidity and 
changes in frequency offset. 

The data collected during the past 20 months have been analyzed statistically to  gain a quan- 
titative understanding of the efrects seen in the graphic,al data. 'The statistics software package 
CSS:Statistica. by Sta,tsoft, Inc. was tised to perform all statistical calculations. Serni partial corre- 
lation coefficients between the terrlperature and frequency offset, the pressure and frequency offset, 
and the humidity and frequency offset were calcnla.ted (see [3]). The calculations were made on 
blocks of data, collected over periods ranging lrol-n 5.5 to 17 days. The square of the magnitnde 
of the semi pa.rtia.1 corrcla;tion coefficient between a dependent variable (frequency offsct) and an 
indepcndcnt variablc (any one of the temperature, pressure, or humidity) gives the percentage of 
the total variation in the dependent variablc uniqilely ;tccounted for by the independent variablc 
with the effects of the remaining indepcndcnt variables tasken illto account. 

Temperature, humidity, and ba.rornetric pressure can be interrelated, so semi partial correlatiorl 
coeficients were calculatcd to  reduce the eiiects of this interrelation on the magnitude of the 
calculated coefficients. 'lb allow for the potential existence of a time (1cla.y between a dlange 
in ternperature or humidity and the resulting change in rnaser frequency offsct, the serrii partial 
correlation coefficients were calculated three tir-ncs. Semi partial correlation coefGcient caJculations 
were performed using the frequency offsct as it was measured arld were then repeated incorporating 
time delays of 12 and 24 hours in the frequency offsct data. For one data  set c,ontaining 17 days' 
worth of data, a time delay of 48 hours was used. 

EXPERIMENTAL RESULTS 

'l'hc: results of the calculations for nine sets of data a.rc su~n~nar ized in Table 1. 'I'he first data 
column shows the Meal1 Julian ])ate (MJD) ol' the first day that  data  were recordcd for that  
set of coefficients. The number of days of data  used in the calculations is indicated in parentheses 
underneath the MJD. A minimurn of 100 data samples were used to calculate each of the coefficients 
presented in the table. Eadl  data sct consists of twenty-four equally spac,ed samples per day for 
every day considercci. Tlie next three colu~nns are the serni partial correlation coefficients between 
frequency offset arid temperatilre, pressure, and humidity, respectively. 

Each block of coefficie~lts in Table 1 consists of three rows of data displaying the semi partial 
cotbrelation coefficients with time delays of 12 arid 24 hours added to rnost of the the frctlile~icy offset 
data. A 48-hour time delay was a.ddetl to  the data set for MJD 47973. The  data for MJI) 48189 
do not include time delay calculations because the humidity, barometric pressure, and frequency 
offset curves are nearly identical as measured. 

The temperature in the laboratory where the masers were operated was maintained a t  23*2'C: 
throughout this investigation. This is a level of control easily ac,c,ornpljshed with a cornpi~ter room 
air conditioning system. Intirtiately surrounding the NR. ~riaser's rcsonant cavity with the thermal1 y 
isolating quartz sleeve has reduced temperature-induced frequency offsets to  a secorld order effect 
(at least in a laboratory environment), and exa,~rlination of the coeflicients in the ternperaturc 
column of Table 1 is all that is necessary to  convince oneself that  arribient temperature fluctuations 
had no significant effect on the perforrria~lce of the N R  txlasers in this investigation. I t  is the 
interrelation of the barometric pressure and hu~rlidity with the frequency offset that  is interesting. 



As is visible in Table 1, both the humidity and pressure can be strongly correlational with maser 
frequency offset, but there are critical differences between the two correlations. The humidity 
does not consistently show significant correlation to the frequency offset; moreover, whenever the 
correlation seems significant, a time delay of up to  48 hours has been added to  the frequency offset 
data to ~naximize the coefficients. The optimal time delay is not fixed. In the MJD 47973 data 
set, a 48-hour delay maximizes the correlation coefficient. Similarly, a time delay of 24 hours in 
the MJD 48314 data set maximizes the semi partial correlation coefficients between humidity and 
frequency offset. 

One would expect that if humidity changes were significantly affecting maser frequency offset, the 
relation between the cause and effect would be more consistent. In many of the data sets presented in 
Table 1, the semi partial correlation coefficient between humidity and frequency offset is insignificant 
in comparison with that between the barometric pressure and frequency offset irrespective of the 
time delay used. I t  seems probable, therefore, that  the occasional correspondence between humidity 
and frequency offset is being caused by a third variable influencing both the humidity and frequency 
offset. 

In all observed cases where the humidity shows significant correlation with the frequency offset, 
the barometric pressure is also strongly interrelated with the frequency offset. A meteorological 
relationship exists between the  barometric pressure and ambient humidity. I t  is this relationship 
that  could account for the observed correlation between the humidity and frequency offset. Because 
of the inconsistency and unpredictability of the correlation between humidity and frequency offset, 
i t  seems apparent that  what is being seen in the data is the often unpredictable correlation of 
humidity and barometric pressure in East Coast weather. 

In sharp contrast to the humidity-frequency offset relationship, the observed barometric pressure- 
frequency offset correlation exhibits consistency. The changes in pressure and frequency offset are 
always observed to  occur simultaneously. In addition to  the data presented here, correlational anal- 
yses were performed on other data sets in which the environmental conditions and frequency offset 
were sampled at 5-minute intervals. Even in these cases, the semi partial correlation coefficients 
were maximized without adding time delays to  the frequency offset. 

The calculated semi partial correlation coefficients between barometric pressure and frequency offset 
presented in Table 1 are consistently on the order of -0.7. Correlation coefficients of this magnitude 
are seen for all sorts of barometric pressure patterns, including large, rapidly moving low-pressure 
fronts as depicted by Figure 1A; gradually increasing or decreasing pressures such as illustrated in 
Figures 3A and 5A; and semisinusoidal patterns as shown in Figure 4A. 

Semi par t id  correlation coefficients near -0.7 are seen when the variation in the pressure is large 
(typically a variation 1 0.3 inch over a few days). The coefficients become smaller, and the rela- 
tionship less linear, for smaller pressure fluctuations. This occurs because NR maser performance 
in stable conditions is one or two parts in 10'' over a 24-hour period, and this is the magnitude of 
the frequency offset effect one would expect t o  see from such small pressure variations. In Figure 
lA,  for example, it is clear that  the barometric pressure is associated with frequency offsets as large 
as 9 parts in 1014 in response to  the strong pressure front. During the first few days presented in 
Figure IA,  where the pressure variations are small, the frequency offset remains in the small parts 
in 1015 range. 

Although correlational analysis cannot prove cause and effect, the findings that  the semi partial 
correlation coefficients between pressure and frequency offset are consistently stronger than -0.7 



and that  the pressure and frequency offset change sirnultancously give good reason to suspect a 
causal relationship between pressure and NK, hydrogen maser frequency offset. 

CONCLUSION 

Since March 1990, the frequency ofIset of t h r ~ e  NR hydrogen masers has been recorded syn- 
chronously with the environmental conditions in the laboratory enclosing t h ~  masers. Using these 
data, semi partial correlation coefficicn ts were calculated between maser fre quency offset and var- 
ious environmental conditions (temperature, barometric pressure, and humidity). The statistical 
analysis revealcd a strong correlation between large changes in the barometric pressure and changes 
in maser frequency offset. 

Large variations in barometric pressure are consisteritly associated with changes in NR maser 
frequency offspt as large as 9 parts i11 1014. The correlation is a negative one, so decreasing pressure 
is associated with a positive change in the frequency offset, and vice versa. When the barometric 
pressure variation is greater than approximately f 0.3 inch of mercury over afew days, the calculated 
semi partial corrrlation coefficients are consistently near -0.7. 
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TABLE 1 
Semi Partial Correlation Coefficients Between 

The Temperature, Pressure And Humidity, 
And The Frequency Offset 

Frcqucncy Offset 
Frequency Offset (12h) 
Frequency Offset (24h) 
Freqtrericy Offset (48h) 

Mean .I ulian 
Date 

(#  DAYS) 
47973 

Frequency Offset 
Freqi~cncy Offset (12h) 
Frequency Offset (24h) 

Freqncncy Offssct 
Frequency Offsct (12h) 
h'requency Offset (2111) 

Scrni PartiaJ Correlation Coefficients 

Frequency Offsct 

Temperature 

Frequency Offset 
Frequency Offset (121-1) 
Frequency Offset (24h) 

Frequency Offset 
Frequency Offsct ( 1  2h)  
Frequency Offset (2111) 

Pressure 

Frequency Offset 
Frequency Offsct (12h) 
ktcquency Oflset (24h) 

lll~midity 

Frequency Offset . O 1  - .83 -.41 
Frequency Offset ( 1211) -. 17 1 - 6 1  1 -.I1 1 
Frequency Offset (24h) 

Frequency Offset 
Frequency Offset (12h) 
Frequency Offset (24h) 

48550 

(7) 

-.29 

.03 
-.32 
-.56 

- .28 -.29 

- .76 
- .25 
.13 

.07 
-.I3 
-.07 
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Figure 1A. Maser Frequency offset and Figure 1 B. Maser Frequency Offset and Relative 
Offset Barometric Pressure Versus Time. Humidity Versus Time. (Note: The frequency off set 

curve has been delayed by 48 hours with respect 
to the relative humidity curve.) 
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Figure 2A. Maser Frequency Offset and 
Offset Barometric Pressure Versus Time. 
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Figure 3A. Maser Frequency Offset and 
Offset Barometric Pressure Versus Time. 
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Figure 28. Maser Frequency Offset and 
Relative Humidity Versus Time. 
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Figure 38. Maser Frequency Offset and 
Relative Humidity Versus Time. 



January 24, 1991 (MJD 48280) 
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Figure 4A. Maser Frequency Offset and Figure 4B. Maser Frequency Offset and 
Offset Barometric Pressure Versus Tlme. Relative Humidity Versus Tlme. 
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Figure 5A. Maser Frequency Offset and Figure 5B. Maser Frequency Offset and Relative 
Offset Barometric Pressure Versus Time. Humidity Versus Time. (Note: The frequency offset 

curve has been delayed by 24 hours with respect 
to the relative humldlty curve.) 
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Figure 6A. Maser Frequency Offset and 
Offset Bararnetrlc Pressure Versus Time. 
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Figure 68. Maser Frequency Offset and 
Relative Humidity Versus Time. 



QUESTIONS AND ANSWERS 

Harry Peters, Sigma Tau: I think that it is only fair to  point out that what you are seeing 
is probably cavity frequency variations. This would not necessarily be characteristic of a maser 
which uses autotuning. That is, frequency variations due to atnlospheric pressure variations would 
be eliminated in a maser which uses cavity autotuning, so this is not necessarily characteristic of 
all hydrogen masers. 




