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Abstract 

Frequency stability and frequency accuracy of passive 
hydrogen maser CHI-76 are investigated. It is noted that 
together with already investigated frequency maser errors 
electronic part of the instrument contributes essentially to 
passive hydrogen maser instability. The influence of 
electronic units on output frequency of the instmment is 
analysed. 

By the results of investigations of the series of CH1-76 
passive hydrogen masers the possible error limits and . 
frequency reproducibility insened by electronic units of the 
instrument are experimentally defined CH 1-76 passive 
maser instability is obtained experimentally and is described 
by the expression: 

O(2;i) = (5-9)-lo-13~'0g5 l<'t<104s 
and (4-7).10-" per day. 

Keywords: Hydrogen maser, frequency stability. 

1. Introduction 
Passive hydrogen masers, developed during last ten years, 

successfully combine the higher frequency stabillity and small 
dimentions of table instrument. Passive hydrogen maser frequ- 
ency stability is better per day. This parameter is only a 
little bit worse than in active hydrogen maser. 

High stability of passive maser depends first of all on the 
qu- antum physical pan (hydrogen discriminator) having a very 
high quality hydrogen emission line.The main sources of passive 
maser frequency instability are the Same as in an active hydrogen 
maser and namely: cavity frequency detuning, storage bulb 
coat ageing, magnetic field and beam flux system instability. 
However, the detailed passive hydrogen maser investigation 
showed essential influence of electronic units of instrument on 
the output signal frequency instability and accuracy. Among 
them it is necessary to note the discriminator test signal 
spectrum distortions, irregularity of the receiver 
amplitude-frequency response and instability of receiver 
input circuit voltage stand- ing-wave ratio (VSWR). 

The investigation results of the CH 1-76 passive hydrogen 
ma- sers produced by 1EM KVARZ (Russia) are given in this 
article. Experimentd research was conductes by special" of IEM 
KVARZand independently by the scientists of NIST (USA) in 

2. Design And Consrruction of CH 1-76 Passive Hydrogen 
1991-92yar~. [ I ]  

h l - c n -  nt , -nnlm U 1 7 A m n ~ n  nicrr i rninator .  

The design of a physical pan (quantum discrimitor) of 
the passive hydrogen maser is given in Fig. 1. 
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Fig. 1. CH 1-76 Quantum discriminator 

Compaund LiNbHx (about 25Og), placed into the metal 
bulb, is used as molecular hydrogen source. It comprises 20-25 
litres of hydrogen at normal pressure that is quite enough for a 5 
year; continuous maser operation. The bulb with molecular 
hydrogen is vacuum-tightly connected to purifier. Nickel tuh of 
0.5 mm diameter and 0.05 mm wall-thickness coiled for 
compactness is used as purifier. The hydrogen flux is conrrolled 
bv purifier rempemrure. Purifier power consuii~ption is about 1 w. 



Atomic hydrogen swrce IS m;ide of qu;rnz glass in the form 
of cylinder of 30 mm di;inieter and 40 mm height. The source is 
connected to the vacuum pump by indium gasket. Output source 
channel (collimator) is a set of 200-250 channels of 13ym dia- 
meter and 0.65 mm length each. I t  provides for hydrogen atom 
beam flux. 

Hydrogen dissociation is performed by molecular impact 
ioni- mtion in electromagnetic field of W-generator coil. 
RF-generdtor $;, power is 12W.The magnetic state selection is 
performed by means of quadripole magnet. The bore diameter of the 
magnet is 1.6 mm, its length is 75 mm and outer diameter is 30 
".The magnetic induction at the pole tips is IT. 

one includes storage bulb, state selector magnet and atomic 
hydrogen source, the second one includes cavity ovens and 
magnetic shields. Such a construction permits to achieve 
excellent vacuum- conditions in the storage bulb. Hydrogen 
pumping is performed by means of absorption pump with 

0 titanium as getter material. The getter is activated at 800 C by an 
internal tungsten heater. The weight of getter is lkg which is 
suffiaent for more then 5-7 years of continuous opetiition. 
Residual gases are pumped in both vacuum chambers by a 2 I/s 
ion pumps. 

The storage bulb is made of quark glass in the form of a 
cylin- der of 0.45 1 volume. The inner surface of the bulb is 
coated with 3 layers of fluroplastic, type F- IO. Among other 
known materials F-10 ensures the smallest wall-shift and the 
Inrgest emission line quality (Qp109). 

The storage bulb is located in the middle of "magnetronic" 
ca- vity [2] Fig. 1 .Such cavity construction ensures high 
mechanical rigidity and reliability, high Q-factor (~-10'1 and a 
good filling factor valueq. Variations of theqQc -parameter 
versus the internal cavity plates radius is shown in Fig.2. 

The maser has two separated vacuum chambers. The Firsr 
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Fig.2. Variation of the filling factor versus the internal plate 

These results have been received theoretically 13) and 
proved by a mil maser pinmeter measurements. Fig.2 shows that 
maser opentes near the self-excitation point and ensures high 
sigmil amplification and discriminator characteristic steepness. 

oven, placed in vacuum. The tempenture is controlled to I 10-20C 
at the 5-4OoC environmenkd tempenture range. CH1-76 
maser real warm-up time is about 6 hours at 20 C. Oven power 
consumption is <1W. 

Maser has a four layers permalloy magnetic shield system. 
Three of them are locxed in vacuum and made OF 8 1 NMA 
pemilloy of 0.5 mm thickness. The fourth shield mnde of 79 
NMA permalloy covers all discriminator construction with 
vacuum pumps and hydrogen beam source. To prevent undesir- 
able mixing of Zeernan sub-levels in rhe drift region, a ring wig- 
net is placed on rhe discharge bulb of the hydrogen b e m  source 
to iissure i i  smooth miisition bsnveen the quidripole magnet and 
the apertures of the mgneric shields. 

magnetronic cavity relative radius. 

Themil cavity stabilization is insured by the two-zone 

0 

L)rscriniiii;itor rrleiglit IS 19.5 kg, diameter 224 I I I I I I .  

height 520 mm. 
Block-diagmm of CII 1-76 is given in Fig.3. 
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Fig.3. CH 1-76 Passive hydrogen Maser: a) block-diagram 
b) photo. 

It comprises two frequency lock-loops: 5 MHz crystal 
oscillator fquency lock to the hydrogen emission line and 
discriminator RF-cavity frequency adjustment loop to the crystal 
oscillator frequency. The frequency modulation auto-tuning 
method with high modulation frequency in both loops was used 
in C H  1-76 passive hydrogen maser [ 41.5 MHz crystal 
oscillator signal phase is modulated by the 12.5 kHz signal, 
multiplied up to 1400 MHz frequency, mixed with the 
synthesizes 20.4057 MHz signal and put in the Wavily of 
quantum hydrogen discriminator. The power of this test signal is 

-1. 10-l2W and frequency modulation factor is 15. 
Emor signals (information about the test signal frequency 

detuning relative to the hydrogen emission line and RF-cavity) 
are formed as a result of test signal spectrum linear distortions 
which appear as a result of interaction of the emission line, 
RF-cavity and test signal in the discriminator. Error signals are 
contained in the 12.5 kHz amplitude modulation of the output 
discriminator signal. Low noise (NF-I 5dB) RFconverter 
(receiver) provides sufficient signal amplification for amplitude 
detection and the 1440MHz local oscillator eliminates the 
influence of synchronous disturbances (5 MHz harmonics and 
20.405MHz signal) influence in the intermediate frequency 
amplifier [5 ]  .Error signals from crystal oscillator and RF- cavin. 

angle and entered to the frequency control circuits. 

the crystal oscillaror loopand ] . I O 4  for rhe RF-cavity loop. 
Total frequenc statical tuning error for 5 hlHz  output signal is 
less than 1.10- . 

-- - 

' 

are divided into two ways by the phaze- shifters setting at the 90 (J 

Open-loop proportional-action coefficients are 1.10 7 for 

YS 



, 

3. Frequency Accumcy and Instilbility of I'assive Hydrogen 
Maser. 

Quantum Discriminator 
Physical effects ciusing hydrogen discriminator frequency 

variations are the Same as in an active hydrogen maser and well 
known [6.7]. They are: cavity pulling, magnetic fields, storage 
bulb aging. second-order Doppler shift, spin-exchange shift. 
Frequency shift values and their instabilities are shown in Table 1 .  

Physical effect 

. Cavi ty  pulling 

2. Magnetic fields 

3. wall-shift of 
storage bulb 
coating 

4. Second-order 
Doppler-shift 

Shift value 

(2-5). 1 0-I2 

2.5.10-13 
6.7.10-'* 

-4.46.10'' I 

Table 1 - -.- 

Note 

h e  to used 
nethod 
,f tuning 
and spin- 
txchange 
S h i f t  

Possible 
changing 
up to 

Year 
+I.s-IO-~~, 

The passive hydrogen maser feature is the relatively large 
cavity pulling frequency shift arising due to used method of 
tuning and spin-exchange emission l i e  shikCavity-pulling 
frequency shift may be significantly decreased by special 
test signal spectrum pre-distortions. 

Electronics 
Passive hydrogen maser short-term frequency sfability 

depends on the quantum discriminator characteristic steepness 
and the noise figure of preamplifier in the receiver, which define 
the low frequency (<. 10 Hz) white noise level of the output 5 
MHz signal phase noise spectrum. 

In practice it is very convenient to estimate discriminator 
quality in combination with electronic part of the instrument 
Normal FM test signal is entered to the disuiminaror and the 
amplitude detector output voltage change is measured at the 
calibrated test signal carrier frequency shift by a halfof hydrogen 
amission line- width. As a result of measurement, the discriminator 
quality factor is calculated: 

R=Us /Unhf  (1) 

where Us - is the 12.5 kHz voltage change at the amplitude 
detector output 

Un - noise voltage at the amplitude detector output 
without frequency detuning between test signal camer and 
emission line in the 1 Hz bandwidth [Vh% ] 

A f - hydrogen emission line-width 

For the CH 1-76 passive hydrogen maser the quality factor 
value is within the limits 300:400 and ensures 5 MHz output 
signal shon-term frequency skibility (5-9)  10-'3T4.5 for the 
time intemals I < < I  lo4 s 

Due ro the used modulation method of tuning in the passive 
maser and detuning information contilined in the wcyk amplitude 
modulation signal, the electronic pan influence on the long-term 
miser stability and accuracy will be manifest itself as an additional 
amplitude modulation at the Snme modulation frequency 12.5 kHz. 

'I'tiis :iddihi;il ilwdularion sigr1;rl a n  aplxr;ir is ;I result 01 I-hi 1 s t  

signal slxxtrunl dislortions in seved un i s  of inshument: modtikitor, 
frequency multiplier and receiver. 

Modulator 
The main requirements to the phase-modulator of the 

instrument are the highest linearity of modulation characteristic 
and the reduction of the even harmonics in the modulation 
signal. The presence of even harmonics of the modulation signal 
[8] lea& to the test signal spectral components distortions and 
gives an additional amplitude modulation signal and frequency 
shift of output 5 MHz signal. The estimation of this shift for 
CH1-76 passive maser can be done by the next formula (81 

where: mi is the 2-nd harmonic modulation index 
QI is the emission line quality factor 1*109 

Amrding to e x p d o n  (2) the mivalue should be less then 1. 
lo4 to achieve 5 MHz output frequency shift less l . lO- l3 .  And, 
consequently, the second harmonic of modulation signal 
reduction of the test signal should be more than 80 dB. In CH1-76 
passive hydrogen maser these values are achieved by a special 
type of a v m m r  with very high linearity of capacity-voltage 
characteristic and usage of even harmonic reduction modulation 
signal former. 

Frequency MuItipIier 
Additional amplitude modulation FM signal arises in the 

frequency multiplier due to FM-spectrum distortions by the 
multiplier steps resonant systems. This effect leads to the RF . 

discrimitor cavity adjustment frequency shift and therefore to 
the emission line frequency shift pulling). Maser output 5 
MHz signal frequency shh value in this case is proportional to 
the multiplier resonant system detuning and quality factor and 
can be estimated by the expression 

Af/f=[Qs/Qi QcI. IJi (m d / J i  (m dl-lhfs/fs I-[fc /f SI (3) 

In expmion (3) fs ,Qs .Afs are the frequency, quality factor 
and detuning of multiplier step resonant system; QI , QC - are the 
quality-faaors of emission Line and RFcavity in the discriminator, 
J i  (m S) and J I (m 3 are the fim modulation harmonic component 
F M - s p e "  amplitudes in the multiplier step and in the RFcavity. 

Frequency multiplier contribution to long term passive 
maser frequency stability depends on the temperature stability and 
agein of multipliersteps resonant circuits and can reach a few part 
l*lO-'. For supmion of thii effea multiplier has several 
amplitude-limiters and automatic output voltage control system 
providiry 12.5 kHz amplitude modulation suppression up to - I  10 
dB and eliminating the multiplier influence on the output h-equency 
stability. 

Reciever (frequency converter) 
Reciever's circuit influence on the output standard 

frequency arise the same way as in frequency multiplier due to 
the AFC unlinearity. However it is impossible to use the 
amplitude modulation suppression here because the reciever's 
signal envelope contains useful information. To reduce an 
additional amplitude modulation the reciever's intermediate 
amplifier bandwidth is made as wide as possible provided that 
signal/noise ratio is > 1. 1Famplifier in CH 1-76 has -20 MHz 
bandwidth at 19.6 MHzcanier and the output standard 
frequency shift amoding to expression (3) less then 3.5-10-1-:;or 

Afs /fs =50/, and the temperature stibilip of this shift less 5.10 /"C 

Experiinentily defined that the RF-discriminator cavity 
tuning point in the passive hydrogen miser cavity tuning system 
being described depends on the RF-ca\ in. and recievercoupling 
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Fig.4.5 MHz output frequency variations versus coaxial 
cable length coupling guantum discriminator and the 
reciever. 

This &feu was not investigated theoretically and one of the 
probable reasons is the RF-cavity resonant curver distortions by 
the load reaclivity. 
4. Experimental Results 

Frequency stability measurement tests of the CH 1-76 type 
passive hydrogen masers were conducted at IEM KVARZ and 
independently at NIST (USA). Frequency accuracy, frequency 
drift, timedomain and long term frequency stability, frequency 
temperature coefficient and phase noise spectrum are estimated. 

Short term frequency stability C4Uan deviation6(2't) 
(Fig.5) for most of masen is within the limits (5:9).1Qt3 for a 15 
and for the time intervals 1CR I EM s may be expressed as 

13 -0.5' C(2,€)=(5+9)*10- 'T .- 

For a long time intervals d (2s) decreases slowly and is 
estimated as (4:7). lo-'' per day and depends on the 
environmental conditions. 

a x - - 7  6 .oi$,ux-7 6. ao 
1 ."I 

1.~-12 
1 

1.00E-13 

8 1.ooE-14 
1 OOE-15 

- 
a 

i.0oE.w 
1 10 lo0 1000 IOOW looxy) 

Tau (SI 

Ct1876 - STWV1 
r J 0  s *sa45 - 49257 La SItrUy(Tr?J) 

-13 HID *N = a 3!i~p7ac-ii a m  1 
I 

-I* 

- 15 

I 1 
4 i i 

Fig3 CH 1-76 5 MHz output signal freguency stability 
(Allan deviation) 

Typical frequency drift estimations are less then I.lO-l5 per 
day, but CH 1-76 serial number 023 accoding to NISTestimation 
showed the frequency drift value -l.82f0.06.10-'5 per day for 
the 100 days time interval. Long term CHI-7 6 h-equency beha- 
viour is represented in Fi.6 with respect to environmental tem- 
perature. Frequency temperature coefficient experimental esti- 
mations for several samples of CH1-76 is (0.Stl.S).10-'4/C. 
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Fig.6 Long term frequency stability of the CH 1-76 passive 
hydrogen masers 
a)  averaging per month 
b) avenging per dzy with respect the ambient tempentur 

Phase noise spectrum of the CH 1-76 5 h11-12 output signal is 
shown a t  the Fig.7. 



-1-74 

-100 

-110 

-120 

4 -130 

-140 

-150 

-160 

1 10 100 lo00 

k 

Fig.7 Phase noise spectrum CH 1-76 5 MHz output signal 
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