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Abstract.  The physical reasons for time and temperature drifts of 
the nonmagnetic component of the zero bias of a Zeeman laser 
gyroscope are investigated. A study is made of the nonmagnetic zero 
bias as a function of temperature and discharge current in a Zeeman 
laser gyroscope; constructive and technological solutions to its 
reduction are proposed.

Keywords: laser gyroscope, Zeeman effect, nonmagnetic component 
of the zero bias.

1. Introduction

In previous work [1 – 7], we considered drifts of the zero bias 
of a Zeeman laser gyroscope (ZLG), operating in the regime 
of switching of longitudinal generation modes with opposite 
circular polarisation (the so-called quasi-four-frequency regime 
or mode reversal), and methods for reducing the influence of 
the magnetic (caused by internal and external magnetic fields 
and depending on the direction of circular polarisation of the 
light  wave)  and  partially  nonmagnetic  (independent  of  the 
magnetic  fields and  the direction of  circular polarisation of 
the light wave) zero bias on the total error in measuring the 
angular velocity of rotation. We obtained an expression for 
the total error of the ZLG during its operation as a function 
of the mode switching period and derived equations describ-
ing the magnetic dynamic drift of the gyroscope at the instant 
of mode switching; methods for compensating such dynamic 
drifts were proposed [4]. It was found that the main contribu-
tion to the total error in such a ZLG is made by the nonmag-
netic  zero bias,  and  the additional drift  associated with  the 
mode  reversal  has  a  magnetic  nature  in  the  Zeeman  gyro-
scope. The magnetic drift in the ZLG and methods of its com-
pensation were considered in [8].

In this paper we study the physical reasons for the appear-
ance of  the nonmagnetic component of  the zero bias  in  the 
ZLG,  which  are  not  related  to  the  mode  reversal,  but  are 
determined  by  the  processes  in  the  active  gas-discharge 
medium of  the ZLG. Quantitative errors are  estimated and 
experimental data are obtained for the K-5 ZLG (OJSC M.F. 
Stel’makh Polyus Research Institute).

2. Physical reasons for the appearance  
of a nonmagnetic component of the zero  
bias of a Zeeman ring laser

For a ZLG, one can single out the following physical causes 
leading to a nonmagnetic component of the zero bias:

– quantum noise due to the finiteness of the resonator Q 
factor  and  the power  stored  in  the  resonator  (the quantum 
limit of accuracy) [9, 10];

– change in dynamic lock-in zones depending on the amp-
litude of the frequency bias [11 – 14];

– change in the phase of the backscattering sources on the 
mirrors due to a change in the perimeter of the ZLG during 
self-heating or a change in the ambient temperature [15];

– noise in the output signal caused by the discrete nature 
of information reading from the ZLG [16];

– Langmuir zero bias associated with the asymmetry of the 
discharge channels and with the difference in currents in the 
arms  of  resonator,  cataphoresis  [5, 17, 18]  and  also  thermal 
slip  due  to  nonuniform  heating  of  gas-discharge  channels 
[19, 20], cal led nonmagnetic current zero bias; and

– nonlinear dependence on the time of the magnetic drift 
component leading to the emergence of an apparent change in 
the nonmagnetic drift component [21].

The theoretical limit of a minimum possible nonmagnetic 
zero bias Wgnm is determined by spontaneous emission [9, 10]: 
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where Df is the spectral density of the fluctuations of the fre-
quency difference of  the  counterpropagating  laser waves  at 
zero frequency; c is the speed of light; L is the perimeter of the 
resonator; S is the area covered by the optical contour; n0 is 
the frequency of laser generation; Dnr is the resonator band-
width; h is the Planck constant; P is the power of laser radia-
tion  inside the resonator; and t  is  the operating time in one 
longitudinal mode.

For the K-5 ZLG, the values of the parameters in (1) are as 
follows: L = 0.2 m, S = 0.0025 m2, n0 = 4.73 ́  1014 Hz, Dnr = 
5.6 ́  105 Hz, P = 5 ́  10–2 W, t = 60 s , h = 6.626 ́  10–34 J Hz–1 
and Wgnm = 0.0011 deg h–1.

The occurrence of dynamic lock-in zones in a laser gyro 
with a periodic frequency bias was first observed by V.N. Ku- 
ryatov [11] and investigated in detail by many authors [12 – 14, 
21 – 24]. At  the  same  time,  two methods were  suggested  for 
their elimination: introduction of additional noise or substan-
tially lower-frequency periodic frequency bias (a so-called slow 
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meander). It was shown in [23] that the maximum desynchro-
nisation  efficiency  is  observed  at  the  amplitude of  an  addi-
tional  frequency bias,  or  the  amplitude of  a  slow meander, 
equal to half the switching frequency of the bias. According 
to [18, 23] the nonmagnetic zero bias of the K-5 ZLG at a zero 
angular velocity (WgnmL) is 0.0096 deg h–1 for the static lock-in 
zone WL of 100 Hz at a frequency bias amplitude of 50000 Hz, 
a bias switching period of 0.005 s, a bias switching front dura-
tion of 5 ́  10–6 s, a slow meander amplitude of 100 Hz and a 
slow meander period of 1 s. To reduce the lock-in error, it is 
advisable to increase the slow meander switching period.

The nonmagnetic zero bias caused by backscattering sour-
ces (DWgr) was considered in [15]. The experimentally observed 
DWgr value for the K-5 ZLG is 0.005 Hz, which, taking into 
account the scale factor, gives a zero bias of 0.014 deg h–1.

The noise component of the output signal due to the dis-
cretisation of information is determined by the gyroscope dis-
crete d, the time of operation in one mode t, and the total time 
of operation tw [22]. Then, for the K-5 ZLG generating four 
pulses per period of the output signal, one can obtain the root 
mean square value of noise equal to s = 0.00074 deg h–1 at d = 
0.69 arcsec pulse–1, t = 60 s and tw = 3600 s.

3. Investigations of temperature and current 
dependences of the current zero bias of a 
Zeeman ring laser pumped by discharge in one  
half of the resonator

The current zero bias (Wgnmi) is based on the frequency shift of 
the centres of the gain curve of a gaseous medium for each of 
the counterpropagating waves during the motion of the gas-
eous medium and, accordingly, the pulling of counterpropa-
gating waves to the new positions of the gain maxima.

According  to  [11 – 13],  in  the  linear  approximation  the 
value of pulling for each of the waves ‘+’ and ‘–’ in the posi-
tive half-period of  the bias switching (s!

+) can be written  in 
the form
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02
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! !
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where G0  is  the gain at  the centre of  the gain curve;  l  is  the 
length of the gas-discharge gaps; u = /kT m2 /1 2^ h  is the thermal 
velocity of motion of active neon atoms; m is the mass of the 
neon atom; k is the Boltzmann constant; Dn is the value of the 
frequency splitting due to the Zeeman effect; n0 = с/l  is  the 
frequency of laser generation; l is the generation wavelength; 
and J is the translational velocity of the active atoms.

Accordingly, during the switching period of the bias, the 
average beat frequency, i. e., the value of the current zero bias,

Wgnmi =  2
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p
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The gain G0 depends on the discharge current,  the pres-
sure of the working mixture at T = 25 °C (p0) and the ratio of 
the pressures of helium and neon, as well as on the distance to 
the axis of the gas-discharge channel and the temperature of 
the working mixture.

Figures 1 and 2 show the experimental dependences of the 
value of the K-5 ZLG output signal on the temperature of the 
working mixture and the discharge current with the discharge 
sustained  in  one  half  of  the  resonator,  and  Fig.  3  demon-

strates the dependence of the threshold generation current on 
the pressure of the working mixture.

It follows from the experimental curves presented in Figs 
1 – 3 that G0 ~ I 1/2, Tg

1/2, 1/р0.
The expression for G0 known from the  literature gives a 

decreasing dependence on  the pressure of  the working mix-
ture for p0 > 5 Torr (shown in Fig. 4):
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Figure 1. Dependences of the amplitude A of the K-5 ZLG output sig-
nal on the temperature of the working mixture Тg at the discharge cur-
rent I = ( 1 ) 1.5, ( 2 ) 2, ( 3 ) 2.5 and ( 4 ) 3 mA. The radius of the channel 
is R » 0.125 cm, р0 = 5.4 Torr at Тg = +25 °C, a = pNe /pHe = 0.07. The 
discharge is sustained in one half of the ZLG.

A/V

0.8

0.6

0.4

0.2

0
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 I/mA

Figure 2. Dependence of the amplitude A of the K-5 ZLG output signal 
on  the  discharge  current  at  an  ambient  temperature  of  +25 °C; R » 
0.125 cm, р0 = 5.4 Torr, a = 0.07. The discharge is sustained in one half 
of the ZLG.
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where r is the distance from the axis of the gas-discharge chan-
nel (the quantities G0, I, p and R are measured in 1 cm–1, mA, 
Torr and cm, respectively).

It  should  be  noted  that  expression  (4)  does  not  reflect 
experimentally  observed  temperature  and discharge  current 
dependences of G0 (see Figs 1, 2).

It was  shown  in  [25]  that  the  effective  cross  section  for 
energy transfer from the metastable He (2 1S0) level to the Ne 
(3 s2) level increases with increasing temperature. This should 
lead  to  an  increase  in G0  with  increasing  gas  temperature. 
However, the experimentally obtained root dependence of G0 
on the temperature indicates the predominance of the G0 con-
tribution in the temperature dependence caused by the deple-
tion of the lower metastable level Ne (1 S2) due to diffusion of 
the excited Ne atoms on the tube wall. The longer the deple-
tion time t, the smaller the gain: G0 ~ 1/t.

The diffusion rate increases with increasing gas tempera-
ture. Hence, t ~ R/udif ~ T

/
g
1 2- , where udif is the diffusion rate 

of the atoms. Thus, we obtain G0 ~ T
/
g
1 2 . To analyse the tem-

perature and current dependences of the nonmagnetic drift, we 
can assume that

G0 ~ T
/
g
1 2I 1/2/р0.  (5)

Let us consider gas flows in a gas-discharge channel when 
the resonator is filled with a working mixture at a pressure p0. 
According to  [26, 27],  in the positive column of the glowing 
discharge the channel walls are charged negatively. As a result, 
in a wall layer of thickness li equal to the mean free path of 
the helium ion, all the ions go to the walls and transfer their 
mechanical  momentum  to  them.  Electrons,  in  turn,  are 
repelled by the negative charge of the walls and transmit their 
momentum to the atoms of the gas, which as a result move 
towards the anode. In the centre of the channel, an equalising 
gas flow moves from the anode to the cathode. The zero bias 
caused  by  the  particle  motion  is  called  the  Langmuir  zero 
bias. In addition, due to the effect of cataphoresis, an addi-
tional flow of gas from the cathode to the anode occurs. Ac- 
cording to [28], the resulting pressure drop of the gas in the 
anode – cathode direction is described by the expression
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where Ue = 3/2kTe; Te is the electron temperature (in eV); ng is 
the concentration of gas atoms (in cm–3); le is the mean free 
path of an electron in helium [27] (in cm); bi is the mobility of 
helium ions; E is the longitudinal electric field strength (V cm–1); 
I  is  the  discharge  current  (A);  h  is  the  viscosity  of  helium, 
determined by the formula [29]

h = 0.111
.T

T

79 4

/

g

g
3 2

+
  (Torr s–1),  (7)

in  which Тg  is  measured  in  kelvins;  le p0  =  0.08  (cm);  and 
li p0 = 0.013 (cm) [27].

The first term in Eqn (6) reflects the actual Langmuir zero 
bias, the second term – cataphoresis, and the third term takes 
into account the difference in ion and electron concentrations 
in the positive column of the gas discharge and, accordingly, 
the decrease in repulsion of electrons by the wall charge. The 
concentration of gas atoms is constant, although losses of up 
to 2 % of helium are possible during the operation and storage 
of a ZLG (10 – 15 years).

The  authors  of  [27, 28]  present  an  experimental  depen-
dence of the product bi р0 on the ratio E/p0, from which one 
can obtain

bi »  p
7980

0
 – 111.8

p
E

0
2
  (cm2 V–1 s–1).  (8)

According  to  [29],  the  electron  velocity  and  the  electric 
field strength for helium are related by the expression

p
E
0
 » 0.292Ue  (V cm–1 Torr–1).  (9)
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Figure 3. Dependence of  the  threshold generation current  Ithr  for  the 
K-5 ZLG on the pressure of the working mixture at an ambient tem-
perature of +25 °C; R » 0.125 cm, a = 0.07. The discharge is sustained 
in one half of the ZLG.
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Figure 4. Dependences of the unsaturated gain G0 calculated in accor-
dance with formula (4) at the centre of the spectral line on the pressure 
of the working mixture at R » 0.125 cm, I » 1 mA and a = ( 1 ) 0.1, ( 2 ) 
0.07, ( 3 ) 0.05 and ( 4 ) 0.035.
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Then expression (8) can be rewritten in the form

bi »  p
7980

0
 – 32.65 p

Ue
0
.  (10)

The concentration of the helium atoms, ng (cm–3), is related 
to the pressure р0 (Torr) at Тg = 273 K by the expression [30]

ng = 3.54 ́  1016p0.  (11)

After substituting expressions for li, le, bi, h, E into equa-
tion (6) with allowance for li << R, we obtain
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The electron temperature for helium depends on the radius 
of  the  gas-discharge  channel  and  the pressure р0  as  follows 
[28]: 

/( )exp
U
kT

U kT
i

e
i e6 @ = 1.17 ́  107(Cp0R)2.  (13)

Here, C = 4 ́  10–3, and Ui = 24.6 eV is the ionisation potential 
of helium.

Figure 5 shows the dependence of Tе on p0R for helium, 
obtained using (13) in [28]. As follows from the figure, in the 
region of the ZLG values of p0R » 0.8 – 1 Torr cm, the elec-
tron temperature rapidly decreases with increasing p0R.

When the discharge is sustained in a closed volume, that 
is, at a constant concentration of the particles of the medium 
(as in the case of a ZLG), the electron temperature is deter-
mined only  by  the  value  of p0R  and does  not  depend on  a 
change in the gas temperature. However, it has been experi-
mentally established that an increase in Tg in the tests of the 

K-5 ZLG leads to an increase in the discharge voltage (Fig.  6). 
The increase in the discharge voltage can be associated with 
the loss of ions with increasing temperature. The mechanism 
of this effect requires additional studies.

It  follows  from Fig. 6  that  in analysing  the  temperature 
dependence of  the gas pressure drop  in  the anode – cathode 
direction, we can assume

Е(Т), Ue ~ Tg.  (14)

According to  the Poiseuille  law,  the directed velocity of  the 
gas components depends on the distance r to the axis of the 
gas-discharge channel and the pressure drop as follows [30]:

J =  R r
l

p
4
1 2 2

h D
D

-^ h ,  (15)

where h is the helium viscosity determined by formula (7).
For a fixed gas-discharge volume of the working mixture 

at  a  pressure р0,  by  substituting  (12)  into  formula  (15), we 
obtain 
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Thus,  the gas  flow rate decreases with  increasing р0 and R. 
The temperature dependence from (16), taking into account 
the above assumptions (14), can be represented as

u (Тg) = A – BT /
g
1 2  – СT /

g
3 2 .  (17)

If we take into account that G0 ~ T
/
g
1 2  and u ~ T /

g
1 2- , then it 

follows from (3) that the temperature dependence of the cur-
rent zero bias Wgnmi(Тg ) is determined by the dependence u (Тg ) 
(17).
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Figure 7 shows the experimental dependences of the non-
magnetic zero bias Wgnm on the temperature for the K-5 ZLG 
upon  combustion of  the discharge  in one half  of  the ZLG, 
and also the results of their approximation by (17).

As can be seen from the results of the approximation, the 
nonmagnetic zero bias  is completely determined by the cur-
rent bias. It also follows from Fig. 7 that expression (17) for 
the gas flow rate u describes well the temperature dependence 
of  the  nonmagnetic  zero  bias  of  the K-5 ZLG. The  largest 
contribution  is  made  by  the  Langmuir  zero  bias  (the  first 
term) and cataphoresis (the second term). However, it should 
be noted that the sign in front of the third term in (17) is posi-
tive as a result of the approximation. This means that in addi-
tion to the mechanisms proposed in [28], additional processes, 
in particular, dissociative recombination of the neon ions, can 
contribute  to  the pressure drop between  the  anode and  the 
cathode [see (6)] [31].

To determine the dependence Wgnmi(I),  it  is necessary to 
take  into account the dependence Ue(I). Figure 8 shows the 
current – voltage  characteristic  of  the  discharge  in  the  K-5 
ZLG. The solid line in the figure is the result of calculation of 
U ~ 1/I.

It follows from Fig. 8 that E/N, and hence Ue(I) are pro-
portional to 1/I. Taking (3) and (16) into account, we have

Wgnmi(I) = k1I + k2 /I 3/2 + k3,  (18)

where k1 is the coefficient including the current dependences 
of the Langmuir drift and cataphoresis; k2 is the coefficient of 
the current dependence of the difference between the concen-
trations of ions and electrons in the positive column of the gas 
discharge; and k3 is the coefficient of thermal slip due to tem-
perature difference.

Figures  9  and  10  show  the  experimental  dependences 
Wgnm(I ) for two samples of the ZLG at Тg = +25 °C and Тg = 
+75 °C  and  the  results  of  their  approximation  by  formula 
(18).  The  figures  demonstrate  good  agreement  between  the 
experimental data and the calculated curves. Note also that 
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Figure 7. Experimental dependences Wgnm (Tg ) for the K-5 ZLG at р0 = 
5.4 Torr and currents I = ( 1 ) 3, ( 2 ) 2.4 and ( 3 ) 2 mA. The discharge is 
sustained in one half of the ZLG. Solid lines are the result of calculation 
by formula (17) at ( 1 ) A = 552, B = 40, C = – 0.05; ( 2 ) A = 407, B = 28, 
C = – 0.03; and ( 3 ) A = 274, B = 20, C = – 0.02.
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Figure 8. Current – voltage  characteristic  of  the  discharge  in  the  K-5 
ZLK. The discharge is sustained in one half of the ZLG.
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the coefficient in the dependence of the nonmagnetic zero bias 
on the discharge current [Wgnm » Z (I )] is 0.014 deg h–1 mA–1. 

4. Temperature and current dependences of the 
current nonmagnetic zero bias of a Zeeman ring 
laser pumped by discharge in two ‘counterpropa-
gating’ gas-discharge gaps

To compensate  for  the current zero bias,  two gas-discharge 
channels of length l1 and l2 are installed in the ring laser. Their 
currents are approximately equal in magnitude and opposite 
in sign. As a result, the value of the current zero bias

Wgnmi = –
( ) ( )

L u

G G c l l
2

01 02 1 2

p
- -

(J1 – J2).  (19)

The absolute value of Wgnmi  is determined by the quality of 
the ZLG body (the same lengths of the gas-discharge chan-
nels  and  their  diameters  and  the quality  of  the ZLG align-
ment), as well as the currents in the gas-discharge gaps (their 
absolute values and difference).

Figure 11 shows the dependence of the nonmagnetic com-
ponent of the ZLG zero bias on the discharge current in two 
gas-discharge channels at different gas temperatures Tg.

When the laser beam passes through the centre of the gas-
discharge channel, two ‘opposite’ gas-discharge gaps make it 
possible to obtain the minimum dependence of the zero bias 
on  the  temperature  Tg  (Fig.  12).  As  the  discharge  current 
decreases,  the  temperature  dependence  of  the  nonmagnetic 
component of the zero bias is also reduced (Fig. 13).

As can be seen from Figs 12 and 13, the coefficients in the 
dependences of the nonmagnetic component of the ZLG zero 
bias on the temperature (Wgnm = Z1Tg ) and the current (Wgnm = 
Z2 I ) do not exceed 0.0003 deg (h °C)–1 and 0.0002 deg (h mA)–1, 
respectively.

Let us consider the causes and possible values of the error 
of the nonmagnetic component of the zero bias, expressed in 
the nonreproducibility of  the nonmagnetic component,  that 
is, in its incomplete compensation with the use of temperature 
correction. One of the reasons can be related to the shift of the 

laser beam along  the channel cross  section. The position of 
the beam relative to the axis of the gas-discharge channel is 
determined  during  the  resonator  alignment.  In  a  precisely 
fabricated  and  aligned  resonator,  the  beam  passes  strictly 
along the axis of the gas-discharge channel. However, in prac-
tice this is not the case, and since the radius of the diaphragm 
of  the  ZLG  resonator  is  usually  chosen  equal  to  twice  the 
radius of the beam in the channel rl, it is possible to shift the 
beam from the axis of the gas-discharge channel by a value 
close to rl (in the K-5 ZLG rl = 0.25 mm at R = 1.25 mm). Let 
us estimate the possible error due to the difference in the beam 
shifts relative to the axis of the gas-discharge channel. In the 
K-5 ZLG,  the current nonmagnetic zero bias with one gas-
discharge gap is ~ 100 deg h–1 at rl = 0.25 mm, R = 1.25 mm. 
Accordingly, from formulas (16) and (19) we obtain Wgnmi = 
8 deg h–1.

The temperature dependence of Wgnmi, its reproducibility 
after temperature cycles and the ZLG stability in the process 
of  its operation and  storage are  important  for  the practical 
application  of  a  ZLG. We  should  emphasise  that  the  laser 
beam practically does not change its position during self-heat-
ing of the device. The thermal expansion of the loop is uni-
form,  and  the  compensation  for  this  thermal  expansion  is 
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Figure 11. Dependence of the nonmagnetic component of the K-5 ZLG 
zero  bias  on  the  discharge  current  in  two  gas-discharge  gaps  at р0 = 
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effected by the displacement of only two mirrors. As a result, 
the beam  is  shifted along  the channel  cross  section. During 
the  self-heating  time,  an  increase  in  the  laser  perimeter 
(lengthening)  is  taken  to  be  DL  =  kexpTL,  where  L  is  the 
perimeter and kexp is the thermal expansion coefficient of the 
resonator body material. If the initial shape of the resonator 
is considered symmetrical, we can assume that to compensate 
for DL, each of the two piezo-mirrors should move to a dis-
tance DL/ 32 ; therefore, the maximum shift Dr of the beam 
along the channel cross section is ~ L/8.

For  the K-5 ZLG at  rl  =  0.25 mm, R  =  1.25 mm, L  = 
200 mm, kexp = 1.5 ́  10–7 °C –1 and DT = 20 °C, the beam shift 
will be 7.5 ́  10–5 mm, which is negligible is small in compari-
son with both  the radius of  the beam and the radius of  the 
channel.

The shift of the beam along the channel cross section can 
result from the rotation of the mirror caused by local nonuni-
form heating. However, such an event is unlikely, since mirror 
designs are made thermally compensated and their reflective 
surface is capable of only parallel displacement [32]. Also, the 
values of L, l1 and l2 hardly depend on the temperature.

Thus, the nonreproducibility of the current zero bias can 
only be caused by the unreproducibility of the discharge cur-
rents and the imbalance of the discharge currents in the two 
arms, as well as by the change in the gas composition in gas-
discharge  channels  (both  total  pressure  and  helium – neon 
ratio). For short-term nonreproducibility of the current zero 
bias, only the change in the discharge currents in the two arms 
– the imbalance of the discharge currents – is important. Since 
modern  current  stabilisers  have  an  error  of  no  more  than 
± 0.2 mA, the expected nonreproducibility of the current zero 
bias will not exceed 0.003 deg h–1.

5. Conclusions

The  nonmagnetic  zero  bias  is  the main  reason  limiting  the 
ZLG  accuracy.  The  main  contribution  to  the  zero  bias  is 
made by two components – backscattering of light on the mir-
rors and current drift. The most effective way to reduce the 
lock-in zones is to use a frequency bias with a minimum dura-
tion of  the switching fronts and with an additional  low fre-
quency  (slow meander)  signal  superimposed on  it,  followed 
by subtraction of the slow meander signal from the ZLG out-
put signal. The residual value of  the nonmagnetic zero bias 
due to backscattering in the K-5 ZLG is 0.014 deg h–1.

The  current  drift  significantly  exceeds  all  other  compo-
nents of the nonmagnetic drift, reaching 1.3 deg h–1 in the K-5 
ZLG. This value depends  linearly on  the  length of  the gas-
discharge gaps and the discharge current and as 1/R5 on the 
radius of the gas-discharge gaps. However, the instability of 
the current zero bias is small (no more than 0.003 deg h–1) and 
is determined only by  the stability of  the discharge current, 
which makes it possible to effectively use algorithmic temper-
ature correction.

The total achieved error level of the nonmagnetic compo-
nent of the ZLG zero bias does not exceed 0.016 deg h–1.
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