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Abstract 

Barkhausen noise is Olle of the limiting factors for the sensitivity of ~luxgate 
magnetometers. In order to set up calculations about Barkhausen noise, the 
theory of Bittel and Storm [1] had to be modified. As a result an equation for 
the signal-to-noise ratio is given, which gives criteria to increase the sensitivity 
of fluxgate magnetometers. 

§ 1. Introduction 

The interest in the measurement of small magnetic fields has in- 
creased considerably in the past twenty years. This stimulated the 
development of fluxgate magnetometers, which have already been 
commercially available for some time. At the Technological Uni- 
versity of Eindhoven these fluxgate magnetometers are used for 
the measurement of magnetic susceptib~lities of diamagnetic sam- 
ples. The utmost sensitiv~ty is required in these measurements. 
Among the limiting factors of this sensitivity the Barkhausen 
noise may be expeeted to play an important ro]e together with the 
Nyquist noise of the circuitry. The theory of Barkhausen noise 
given by Bittel and Storm E l] has been generalised and applied to 
the fluxgate magnetometers. 

§ 2. Theory 

It  is the aim of this paper to discuss the Barkhausen noise in a 
fluxgate magnetometer according to prineiples which have been 
introduced by Förster E2, 3] and Wurm E4]. 
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Fig. 1. Schematic of a single fluxgate magnetometer  [2, 3]. 
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Fig. 2. The pfinciples of the fluxgate method for meaning of the symbols, 

see text. 
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The apparatus, shown in simplified form in Fig. 1, consists of a 
primary and a secondary coil which are coupled by a core of high 
permeability. We approximate the magnetic behaviour of this core 
by a very simplified B-H curve shown in Fig. 2. We base the calcu- 
lations on a primary current which is triangularly dependent upon 
time, of frequency /p (see Fig. 2, curve H~), resulting in an in- 
duction, the time-dependence of which is given by curve Ba. This 
leads to an inductive voltage in the secondary coil as shown in 
curve Xa. In order to obtain phase detection the signal Xa is multi- 
plied by a square wave of unit height of the double frequency 
(curve Y). This multiplication yields curve Za, which is integrated 
over a time interval tm. In order to obtain a time-average valne of 
Za the integral is divided by tm. Without external magnetic field 
the value of this integral amounts to zero (see curve Za, Fig. 2). 

Ler us now consider the influenee of an external magnetic Iield 
Ho. Together with the field of the current through the primary 
coil, this delivers for the total induction curve  Bb. The inductive 
voltage is now given by curve Xb, which after multiplication with 
the curve Y results in curve Zb. Contrary to Za, Zb is not sym- 
metric and therefore delivers a non-zero value upon integration. 
The time average of Zb is taken as a measnre of the magnetic field 
H0. 

The effect of the Barkhansen noise that  accompanies the magnet- 
ization will be discussed by analyzing its consequences on the time 
average of Za. For this description let us follow the usual pro- 
cedure [ 1] of subdividing the core into NB equal Barkhausen volumes, 
each with a flux $B related to the total saturation flux ~s as: 

Bs = NB'~SB. (1) 

The magnetization of the Barkhausen volumes are supposed to be 
either parallel or antiparallel to the field of the primary current. 
Becanse of this current the core periodically switches its magnet- 
ization from --Ss to +és ,  and vice versa. The time interval neces- 
sary for one switch from --és to + é s  we shall call ts (see Fig. 2). 

ts is related to the freqnency by: 

1 
t~--~.  2/p (2) 
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where y is a dimensionless constant with value between 0 and 1, 
depending upon the time interval during which the core is saturated. 
For the sake of simplicity we shall in the following restrict ourselves 
to cycles with very short saturation times, so we shall use ? = 1. 

During the switching the average number of Barkhausen volumes 
jumping per second will amount to NB/ts. 

For the description of the Barkhausen noise we introduce a 
characteristic time interval ~. This ~ represents the stochastic 
character of the moment of jumping of individual Barkhausen 
volumes. To show this let us consider the situation at t seconds 
after the beginning of the switching time interval ts. We represent 
the number of Barkhausen volumes that have jumped unquestion- 
ably - in spite of Barkhausen noise - by:  

- - " N B ,  (3) 
t~ 

where the factor ½ is chosen for the sake of elegance of the following 
equations. The number of Barkhausen volumes that unquestionably 
did not jump amounts to: 

4 - -  t - -  ½"r 
• NB.  (4) 

ts 

There remains the number of Barkhausen volumes: 

2.½. 
• NB (5) 

ts 

the magnetization of which is unpredictable because of the Bark- 
hausen noise. The number that  will have jumped between t -  ½~ 
and t is {T. NB/ts on the average. The fluctuations in this number 
give the fluctuations in the number of jumps until the time t. 

~ . N ~  = ( l p ' ~ - ' N ~ ? .  (6) {((zlN)2)x' t}~ = t-~ 

Apart from (6) we could also give a second interpretation of the 
quanti ty r, as being related to the highest magnetic field frequency 
the probe can follow with its magnetization. 

Returning to the measurent procedure, we want to know the 
error in the number of jumps between t = 0 and t = ½4 and hereto 
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we can use (6). In addition we are interested in this error in the 
number of jumps for the time interval between t = ½ts and t = ts. 

1 and ts is not independent of the The number of jumps between ~ts 
number of jumps between 0 and ½ts since the two numbers must 
add up to NB so that  the error in the number of jumps over half a 
period of the X signal becomes zero. For the Z signal things are 
different. 

Because of the change of sign in the Y signal at t = ½ts we can 
distinguish between positive and negative numbers in the Z signal. 
The error in the algebraic number of jumps covered by the inte- 
gration of the Z signal over half a period becomes: 

( )° 2 ~ . N B  . (7) { < ( ~ N ) ~ > z ,  ~s} ~ = 2 { < ( ~ N ) ~ > x ,  ~}~ = 2 ( / p . ~ . N ~ ) ~  = 

The R.M.S. value of the total error in the number of jumps during 
the integration time tm amounts to: 

( )° 2 ~ T t m . N B .  
{((AN) )Z, tm}" = 2/p'(2~"tm'Ng) ~ = 2 ~s ts (8) 

The error in the flux cansed by this error in the number of jumps 
amounts to : 

_ [ 2 T ' t m \  ~ 
{ ( ( ~ , ~ ) v , ~ } ~  : 4io~«t-V2-~ ). (9) 

From (9) we get for the final expression of the Barkhausen noise: 

1 
{<(/IV)2>,m}, ~ = ~¢. {<(A~)2>,~} ~, (10) 

tm 

where n is the number of windings of the secondary coil. This leads 
to: 

( (AV )  Z),ù = 32n 2"/~ ~-" d~2s 
NB't-m " (11) 

§ 3. Comparison and discussion 

Equation (11) is to be compared with a similar relation given by 
Bittel and Storm El]. Their relation (eq. 3.6/16 Eil) reads (in our 
symbols): 

1 1 
(AV)2 --~ /P'8n2"#~s" NB tm " (12) 
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Here we used relation 3.6/11 (ref. [11) and our definition (1) and 
took into account that  their relations were originally formulated 
for one hysteresis loop. Comparing eqs. (11) and (12) one notes a 
difference of a factor of 4]pr. For a discussion of this factor we 
compare the error in the number of jumps in the Förster measuring 
procedure and in the measuring procedure of Bittel and Storm. 
Also the consequences of our introduction of ~- as a characteristic 
noise parameter will explicitely be discussed. The factor of 4/pT will 
be seen to be partly due to difference in model and partly to differ- 
ence in measuring procedure. Here we use the following notation. 

Nti: Average number of jumps in time interval ti 
((AN)2)t~: Average square of the error in the number of jumps in 

the time interval. 

We take y ---- 1, thus 1~(2Ip) = ts. 
The consequences of applying different models are as follows: 

Bittel-Storm model: for ti ~ ts 

<(AN)2>t ' = Nt  ' = - - t l  N B  (13) 
ts 

Our mode1: We assume that the error over a time interval ti is 
given by  the error in small intervals ½"tl and ½~-2 at the beginning 
and at the end of ti 

<(AN)2>t, = <(AN)2)½.1 + <(AN)2>½,~ (14) 

with r < t1 < ts. 

The difference in measuring procedure has its consequences too. 
In the Förster procedure many hysteresis loops are completed in 
tm. The application of the Y-wave has its special consequences on 
the noise. In tm there are t m / t s  complete switches from --~bs to + # s  
or the reverse. 

tm 
<(AN) ~>tm = - -  < (AN) 2>,. (15) 

ts 

One must first calculate <(AN)2)o_½ts, which will depend on the 
model. Assuming <(AN)2>0_½t s to be known, one proceeds as follows: 

(AN) o- ½rs = --  (AN) ½t,-t, (16) 
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which yields (AN)o_t~ = 0 as is required since N~ volumes taust 
jump in the time interval ts. But since the Y-wave changes sign at 

1 t = ~ts one gets for the effect in the product Za 

(AN)o_t, = 2(AN)o_~t ~ 

((AN)2)o_t, -= 4((AN)Z)o_~t ~. 

Substitution into (15) gives 

<(AN) 2>t~, --  
4tm 
& 

(17) 

(18) 

- - -  ((AN)~')o_it« (19) 

This is the expression for the error in the Förster procedure, where- 
as for the Bittel-Storm procedure we must simply take 

<(AN) 2>tm (20) 
since here tm ~ ts. 

The origin of the factor of 4Ip, now can easily be seen. 
a). Förster Procedure, our model. 

Starting from complete saturation there is no error at the be- 
ginning of the time interval 0 -- ½ts. Re]ation (14) yields 

q- 

<(AN)2)o_~ts = ((AN)2)}. = N~. = 2t-T NE. (21) 

Substitution into (19): 

2tm ~- 
<(AN)2>tm - -  . - - .N j~ .  (22) 

ts ts 

b). Bittel-Storm procedure, our model. (See Fig. 3.) 
The error in each time interval is given by the error i n ,  at the 
beginning and in , at the end of the interval. Relation (14) 
gives: 

-r NE. (23) ((AN)Z)t m ---- 2((AN)Z)}, _-- 2N~, = t-~ 

c). Bittel-Storm procedure, their model. (See Fig. 3.) 
Expressions (20) and (13) give 

tm 
((AN) 2)tm = Ntm --  NE. (24) 

t s  
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Fig. 3. Comparison of the appearance of Barkhausen noise in a noise ex- 
periment after Bittle and Storm and in a fluxgate magnetometer. 

Comparing (22) and (24) explains the factor of 2-r/ts ~ 4/pT, where 
a factor of 2tm/ts ~ 4/ptm is due to differenee in measuring pro- 
cedure, and a factor of "r/tm is due to difference in model. 

For the application of (11) to practical situations we shall calcu- 
late the signal-to-noise ratio. Thereto we taust compare (11) with 
the signal V produced by  H0 (see Fig. 2) which is given by:  

V = 4n .# .A . /p .Ho ,  (25) 

where # stands for the permeability and A for the cross section area 
of the core. It  follows for the signal-to-noise-ratio: 

( V ) 2  #'H02 tm_= Hg tm.NB. (26) 

For estimating purposes we shall use the following specific values: 
tm = 1 s ; Bs = 2 tesla; # = 10 -2 V. s/A. m; ~- -~- 10 -6 s, correspond- 
ing with an upper limit of the frequency of 1 MHz; for NB we shall 
use two different values, NB = 101° and NB -= 104, corresponding 
to the two limits Bittel and Storm give for the number density of 
Barkhausen volumes (p. 188, rel. [1]). In addition we use for the 
core volume Ve the value 3.10 -7 m s. 
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When we define the minimum observable magnetic field Ho~~o by  
the condition V/A V = 1, equation (26) gives: 

(-am) (~) Homin = 2.10 .6 or Hom,~ = 2.10 -a , (27) 

corresponding respectively with the values of NB given above. 
The value HOmin ~- 10 -4 A/m as found experimentally [5, 6] lies 

between the limits given in (27). This implies that  possibilities do 
exist that  Barkhausen noise is reduced by  carefully selecting the 
core material. 

Eq. (26) can be used to get the optimal choice of the material 
parameters fr, r, NB and Hs, 

In addition to the Barkhausen noise there is thermal noise, given 
by  the Nyquist  relation: 

(zl V)2 = 4kT- P,,e{Z}. z].f. (28) 

Because of the measurement procedure applied this yields: 

1 n 2 . A  1 
(A V) ~ = 8r&T'/p ff (29) 

0 l t m 

where l stands for the length of the coil. 
Combining this with (25) the signal-to-noise ratio is: 

( V ~  2 2 ~.H~ "/p "tm. (30) 
--SP- =- -07 :  k T / V o k l  

Assuming Q = 100 and/> = 10 -4 Hz the minimum detectable mag- 
netic field at room temperature is H o .... = 1 • 4.10 -9 A/m, which is 
negligible eompared with the limit set by  the Barkhausen noise. 
Our conclusion is that  eq. (26) is the key to reduction of the noise 
in the fluxgate magnetometers, the sensitivity of which is unaf- 
fected by  the existance of thermal noise. 
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