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Abstract

The mechanisms underlying the generation of magn
background in magnetography are analyzed from 
standpoint of random collisions between toner partic
during development. Particles are supposed either alr
captive in non-image area, or still free in the developer b
The outcome of collisions is determined by comparing 
magnetostatic energy of the former type of particles, w
the kinetic energy of the latter type. The critical proc
speed, at which background is minimum, depends on
imaging media permeability and the toner magne
characteristics. The rate at which background decrease
sub-critical speeds is related to the particle size distribu
and the number of collisions expected at each developm
position. Quantitative results from the model are shown
be fairly in agreement with experimental data.

Introduction

The effect of speed on background development in m
netography has been previously reported 1. Experimental
evidences are: (a) background exhibits a sharp rate
decrease with increasing speed, until a ‘critical speed’ uc is
reached; (b) above uc, background resumes increasing, b
at a lower rate. It was suggested that: (c) ‘prima
background at sub-critical speed results from competi
between magnetic self-attraction of pre-magnetized part
to the magnetic media and detachment force due to imp
with free particles in the developer bed; (d) ‘seconda
background at super-critical speed stems from airbo
particle re-deposition now dominating kinetic scavenging

Hypothesis (c) was used in previous papers 2,3 to
determine first order approximations of the performan
range of magnetography. Speed-wise, the upper bounda
the operating range was just taken equal to the ‘criti
speed uc, with no consideration of the stochastic nature
the collision process.

The present paper provides deeper insights into 
mechanisms of collisions between particles, by introduc
the statistical distribution of toner particle size and 
average number of shocks expected to occur at a g
development position.
ince
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Mechanistic Aspect

Magnetostatic Energy
The magnetostatic energy density for a toner partic

assumed captive in the background, is expressed as 2:
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where Em is the energy, V the toner particle volume, η the
oxide volume fraction in the toner material, J0 the oxide
intrinsic magnetization, and µ the permeability of the media
µ0 is vacuum permeability = 4 π 10-7 in SI units.

Escape Velocity
Em is nothing but the work necessary to move t

particle from its current location to an infinite distance fro
the medium where the force is zero. A mean of doing tha
to give the particle, e.g., during a shock, a kinetic energyEc

at least equal to Em.
This determines a minimum ‘escape’ velocity u0 as:
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where ρ0 is the toner polymer density, and we assume
oxide density typically 5 times larger.

Physically, if the particle is given a velocity lower tha
u0, then it will fall back in the background; in the other ca
it will escape.

Elastic Shock
Let P1 be a particle of radius r captive in background,

and P2 another particle of radius R free in the developer bed
With reference to a coordinate system fixed to the media
is static, while P2 has a velocity u, itself a direct function of
the process speed.

If P2 (initial speed u) collides into P1 (initial speed 0)
then classical mechanics yields the following speeds a
the shock, assumed here perfectly elastic:
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(the magnetostatic energy does not affect the solution s
it is the same just before and just after the shock).
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Critical Sizes
We now define, for each captive particle P1 of radiusr,

a number of critical sizes for the incident particle P2.
First, P1 will escape only if u1 > u0; i.e., using Eq. 2 and

Eq. 3, if P2 has a minimum radius R0:

r
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(4)

where R0 exists only if: u > u0 / 2. Therefore, for speeds
lower than half the escape velocity, no captive particle 
be scavenged. Alternatively, for speeds greater than hal
escape velocity, there is a critical radius R0 for the incident
particle P2, such that P1 can be scavenged in one shock

Second, we also have to consider what happens to
after the shock. Since Eq.3 can produce negative value
u2, which physically corresponds to the case where 
bounces backward, it is the absolute value |u2| that we have
to compare to u0. This defines two other boundary values R1

and R2 for the radius of P2:
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and we note that R1 and R2 exist only if: u > u0.
The critical values R0, R1, R2 for the radius R of P2,

normalized by the radius r of P1, are shown in Figure 1 as
function of the speed ratio u / u0.
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Figure 1. Normalized critical radii as a function of ratio u / u0.

Modes of Operation
Examination of Figure 1 leads to the definition of 

modes.
Mode 1: u < u0 /2; then none of R0, R1, R2 exist and no
captive particle can be scavenged. Background is inst
This is clearly a non-operating mode for magnetography.
Mode 2: u0 /2 < u < u0; then only R0 exists and a captive
particle P1 can be scavenged by free particles P2 larger 
R0. But such P2 will themselves be trapped in backgrou
so P1 is just being replaced by another particle P2 of la
size (since R0 > r). Background may just increase in time 
more collisions occur. This is also a non-operating mode
50
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Mode 3: u0 < u < 2u0; then all R0, R1, R2 exist with ranking
relation: R1 < R0 < r < R2. Again, each captive particle P1
whatever its radius r, can be scavenged by free particles 
of radius larger than R0 (with now R0 < r). But only larger
P2, massive enough to retain enough momentum, 
themselves escape background. Therefore, in this mode
final status after one shock is one of 4 states: P1 only;
only; P1 and P2; no background.
Mode 4: 2u0 < u; all R0, R1, R2 still exist with new ranking
condition: R0 < R1 < r < R2. The difference with Mode 3 is
that background after one shock now takes one of on
states: P1 only; P2 only; no background.

In summary, only Modes 3 and 4 are operationg mod
We shall concentrate on these last two modes in the re
this paper. At this point, we already note that 2u0, i.e., twice
the escape speed, acts as a critical value separating
operating modes. We shall see later that it is nothing but
critical speed uc experimentally observed.

Statistical Aspect

We now introduce the particle size distribution, defined 
its probability density function g(r). By definition, g(r)dr
represents the probability that the particle radius, conside
as a random variable R, be comprised between r and r+dr:
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and we classically assume for g(r) a log-normal distribution:
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Sub-Critical Speed
In Mode 3, the probability that P1 be detached in o

collision is:

∫
∞=

)(1
2

)()(
rR

dxxgrp
(8)

where the function R2(r) is given by Eq. 5.
In reality, while passing through the developer be

each given background position is exposed to a rand
number of collisions N, which mean value N* is taken as:

*
*

2r

pL
N = (9)

where L is the length of the developer bed in the proce
direction, p is the toner compaction in the bed, an
r* = exp(λ+τ2 /2) is the mean value of the particle radius f
the distribution g(r).

The sequence of N* collisions consists of the repetitio
of a random event of probability p1. It is therefore governed
by the binomial probability law. In particular, for an
background position assumed initially occupied by a capt
particle of radius r and being exposed to an average num
0
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of collisions N* when crossing the developer bed, th
probability that this particle be still in the background is:

[ ] ∗
−= N

N
rprp )(1)( 1

0
* (10)

Finally, the probability of actually finding in the
background a particle of radius comprised between r and
r+dr is obtained by multiplying the conditional probabilit
in Eq. 10 by the probability g(r)dr of getting such particle.
Thus, the distribution density of toner size in background
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where the denominator, which serves to normalize 
probability of particles with radius r, is a measure of the
overall background that results from particles of all possi
radii within the distribution.

Note that Eq. 11 relates the size distribution 
background toner to that of fresh toner.

Super-Critical Speed
In Mode 4, there are now two distinct cases where

captive particle is detached in one single collision.
- For any incident particle P2 with radius R > R2, the

captive particle P1 is readily scavenged and P2
massive enough to itself escape background, s
moving in the same direction. The probability of su
event is given by the same equation as Eq. 8 above.

- For any incident particle P2 with radius such th
R0 < R < R1, the captive particle P1 is scavenged 
well, but now P2 is not massive enough to contin
moving in the same direction. It bounces backwa
with enough speed to escape background but w
reversed motion. We propose the assumption that, a
reverse speed, relatively to the media, tends to van
due to air drag and possible impacts with other fr
particles still moving in the original direction, suc
particle tends to be pulled along in the air bounda
layer of the fast moving media, and eventually ends
recaptured by background. This assumption, if corre
provides the basis for an explanation of the obser
‘secondary’ background. In this perspective, 2 u0 would
be nothing else but the experimentally observ
‘critical’ speed uc. If we further assume that later re
deposition of the airborne particles occurs wi
probability k (determination of k is out of the scope of
this paper), then the probability of a particle of radiur
generating secondary background is:
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where R0(r) and R1(r) are given by Eq. 4 and Eq. 5.

Numerical

We assume typical magnetographic monocomponent to
with ρ0 = 1000 kg/m3, η = 9%, J0 = 360 kA/m, and a
501
e

s:

e

le

f

 a

is
ill
h

t
s
e
d
th
 its
ish
e

ry
p
t,

ed

d

 

ers

recording media layer of permeability µ = 6. Then, Eq. 2
yields an escape velocity u0 = 0,34 m/s.

We further assume 3 typical toner size distributions, sa
‘fine, ‘medium’ and ‘coarse’, as defined in Table 1 an
illustrated in Figure 2.

Table 1. Typical toner particle size distributions
log-normal law parameters

Size 2r Mean Size λ τ
Fine 8.3 µm 2.08 0.25

Medium 10.6 µm 2.30 0.33
Coarse 13.3 µm 2.48 0.45

0%

5%

10%

15%

20%

25%

0 5 10 15 20 25

Size (µm)

Fine

Medium

Coarse

Figure 2. Typical particle size distribution associated with Table 

Table 2 gives the average size for toner trapped 
background, as predicted from Eq. 11, for 3 speed
respectively 0.35 m/s (close to minimum viable speed
0.50 m/s (medium sub-critical speed), 0.65 m/s (close 
critical speed), as well as a background index arbitrari
taken as the denominator of Eq. 11, such index being 100
for the maximum background which would be generated 
speeds lower than the minimum viable speed.

Table 2. Background index and average size of toner in
background for sub-critical speeds

Fine
8,3 µm

Medium
10,6 µm

Coarse
13,3 µm

0.35 m/s
99.3%

8.3 µm
95.4%

10.8 µm
87.8%

13.0 µm

0.50 m/s
24.6%

10.9 µm
19.1%

15.9 µm
30.0%

18.2 µm

0.65 m/s
9.4%

12.3 µm
8.6%

18.0 µm
19.3%

19.9 µm

We see from Table 2 that the background inde
decreases significantly with increasing speed for all 3 ton
size distributions. At the lowest operational speed of 0.3
m/s, the average size of toner in background is practica
identical to that of fresh toner, but the narrower siz
distribution of the ‘fine’ toner happens to produce highe
background than wider ones. As speed increases, there 
general shift toward coarses in the size of background ton
while the trend becomes inverted as concerns t
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distribution width; i.e., the wider distribution associate
with ‘coarse’ toner now produces significantly mo
background than the narrower ones.

Table 3. Background index and average size of toner in
background for super-critical speeds

Assume
k = 0.5

Fine
8,3 µm

Medium
10,6 µm

Coarse
13,3 µm

1,00 m/s
12.2%

10.7 µm
12.2%

14.5 µm
16.9%

18.8 µm

2.00 m/s
19.1%

9.9 µm
19.3%

13.1 µm
19.4%

16.7 µm

3.00 m/s
21.2%

9.8 µm
21.5%

12.9 µm
21.0%

16.2 µm

At super-critical speeds (Table 3), there is little prima
background left, but secondary background become
factor and is responsible for total background to resu
increasing. Also, the average size of toner in backgro
tends to decrease as speed goes up, but remains large
in fresh toner.

1%

10%

100%

0,1 1 10Speed (m/s)

1

0.4
0.6
0.8

0.2

Figure 3. Background index as a function of speed for vario
recapture probability of secondary background

Figure 3 is a plot of the background index for mediu
size toner, over a complete speed range going from 
minimum operating speed to well over the critical spe
and for various probability values k of recapturing airborne
particles (k = 0.2 to 1 by 0.2 increment).

Experimental

Historically, the first commercial magnetic printer, the Bu
MP6090, had a speed of 0.32 m/s; i.e., right in the ra
0.28-0.34 predicted by Eq. 2 for minimum operating spe
if the media permeability is between 3 and 6. As a matte
fact it has proved very difficult since then to come up w
lower speed products because of heavy background.

At same low speed, experimentation had led to 
observation (once considered paradoxal) that, on one h
toner in background had just about the same distribution
fresh toner,4 while, on the other hand, finer toner alway
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produced more background. This was nothing but 
results of Table 2 for low sub-critical speed.

Later on, as faster and faster models were tested, th
called critical speed was always encountered, gene
between 100 and 150 feet/minute 1; i.e., a 0.5-0.8 m/s rang
exactly centered on the predicted 0.56-0.68 range. Tab
indicates how the predicted rate of decrease in 
background index at sub-critical speed compares to repo
actual background measurements 1.

Table 4. Rate of decrease of background (sub-critical)
Measured 1 Modeled

Exp.1 Exp.2 Exp.3 Fine Med. Coars
-3.81 -4.76 -2.66 -3.95 -3.96 -3.45

slope
of log-
log plot

avg = -3.74    s.d. = 1.05 avg = -3.45   s.d. = 0,8

Conclusion

The proposed model of random collisions between cap
and free toner particles during development produces re
well in line both qualitatively and quantitatively wit
experimental evidences of magnetic background. 
observed minimum and critical speeds are corre
predicted by the model, as well as the rate of decreas
background with speed in sub-critical regime. A
explanation has been proposed for the increase
background at super-critical speeds. Still, the model ne
to be refined to directly relate absolute backgrou
measurement (e.g. reflectance) to the system parameter
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